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Abstract 
The Langmuir-Blodgett (LB) technique was employed to fabricate thzn films of 
Copper-Tetra-Tert-Butyl Phthalacyanine (CuTTBPc). However, CuTTBPc has a strong 
tendency to aggregate and hence inhibit the synthesis of uniform layers. It has been found 
that the incorporation of Arachidic Aczd (AA) can reduce the aggregation effect A study of 
the isothernis produced for a variety of concentrations of CuTTBPc:AA showed a reduction 
in the aggregation as the amount of AA was increased. Transfer ratios for such films are 
predominately Y-type indicating that deposition occurred on both the up- and downstroke 
Atomic Force Microscopy (AFM) was used to image the CuTTBPc.AA LBfilms with 
a thickness of I - 21 MLs. Good surface coverage was observed. Hezght projile studies of 
the I ML film indicate that the layer is 1.7 nm in thickness. When the film thickness is 
zncreased the topography of the surface conszsts of clusters typically associated with 
aggregation. The uniforniity of the films was examined by spectroscopic ellipsometiy, 
whereby zt became evident that films were growing in a unlform layer-by-layer fashion 
desprte the obvious presence of aggregation. The average layer thzckness, deduced from the 
ellipsometrzc data, was 2.31nm. The uniform growth would suggest the layers were 
deposihng on both the up- and downstroke making the films Y-type in configuration atid 
perhaps indicating that the films have a Stranski-Krastanov structure. Scannzng Tunnelling 
Microscope (STM) zmages of CuTiTPc on Ag/Si(l l l)-(4 xJ3)R30° found the molecules to 
be flat lying. The sulface was htghly ordered aiid densely packed with molecules forming 
rows, which ran parallel to each other. Scanning Tunnelling Spectroscopy (STS) studies 
found that the Highest Occupzed Molecular Orbital (HOMO) zs a half-occupied MO of b,, 
symmetry with mired Cu 3d(~'-~Z) and ligand 2p character. 
A study of the orientation and molecular ordering of the CurrBPc molecule in a 
pure CuTTBPc LB film (on SiO J and evaporated films of CuTTBPc(on Si02 and Si(l1 I)) 
and H,TTBPc (St03 was carrzed out uszng X-Ray Photoemission Spectroscopy (XPS) and 
Near Edge X-ray Absorption Fine Structure (NEX4FS) A strong angular dependence was 
found indzcatzng that the molecule was tilted on the surface. The tilt angle was calculated to 
be 18.5" to the su&ce normal XPS results revealed that the ordering was strongest in the 
CuTlBPc LB film, followed by the evaporated films of CuTTBPc and HzTl%Pc on SO2, 
followed by CuTTBPc on Si(ll1). A study of the electronzc structure of the copper atom in 
the CuTTBPc was also carried out and the found to be in good agreement with previously 
published work. 
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Introduction 
Introduction 
The Langmuir-Blodgett (LB) technique involves the study and manipulation 
of molecules trapped at an interface, such as air-water. These molecules form thin 
molecular films, which can be compressed and transferred onto solid substrates. An 
everyday example of a thin film would be oil on water and folklore has it that oil has 
the ability to calm troubled water. However, it was not until 1773 that Benjamin 
Franklin carried out the first scientific study of this phenomenon [I]. During a stay 
in England he observed rough winds over a pond in Chapham Common [2]. He tried 
to smooth the waves by adding a little oil to the pond and much to his surprise he 
noted how the oil spread swiftly on the surface of the water and produced an "instant 
calm". He had only used a teaspoon of oil and managed to cover about a quarter of 
the pond. The area of the pond covered (approximately half an acre) was "as smooth 
as a looking glass". Franklin reported his findings to the Royal Society of London in 
1774 [3], however, at that time the concept of atoms and molecules did not exist and 
therefore his experiment went largely unnoticed. If Franklin had been able to 
calculate the thickness of the oil he would have discovered that it was indeed one 
monolayer in thickness. 
Lord Rayleigh began calculating the thickness of thin films in 1890. He was 
able to quantitatively measure the area to which a known volume of oil would 
expand and from that deduced the thickness of the oil film [I]. At this time a 
German woman named Agnes Pockels (1862-1935) was also carrying out pioneering 
work in her own home. For almost 10 years she had studied surfactants and surface 
tension in her kitchen. Her results were sent to a professor of physics in the 
University Of Goettingen but were not appreciated [4]. When Lord Rayleigh began 
to publish his findings she wrote him a letter about her works and Rayleigh was so 
impressed that he sent it to Nature to be published [5]. 
Pockel's work revealed how she built a simple rectangular trough (70cm 
long, 5cm wide and 2 cm high) out of tin and filled it with water [5]. She then used 
another strip of tin, 1.5 cm in width, to partition two sides of the baths. This partition 
(or barrier) was adjustable and hence it was possible to vary the area of the two 
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water surfaces. She used a small disc, believed to be a button, of 6mm in diameter to 
monitor surface tension by attaching it to a balance. Of the many things that she 
discovered, she was able to obtain a perfectly clean surface by hl ly  closing the 
trough (i.e. bringing thc partition to the edge of the trough) and then moving it back 
to center again. By doing this, the surface on one side is formed from the interior of 
the liquid and is clean. She also discovered that perfectly pure surfaces can be 
contaminated by the vessels in which they are contained and that any solid body, no 
matter how clean, will contaminate a newly formed surface. She epitomised this by 
showing how the addition of camphor or flour to the trough leads to a change in the 
surface tension [ 5 ] .  The above described work by Pockels lead to her first scientific 
publication in Nature which Lord Rayleigh assisted her in the publication of as "for 
various reasons I (Pockels) am not in a position to publish them in scientific 
periodicals". In total she had fourteen publications but during that time women were 
not accepted for higher education. Her parents did not encourage her to pursue her 
education even when it did become acceptable for women to do so [4]. 
The flow of molecules between both sides of the bath was also of importance 
to Pockel. She noted that if both sides of the bath were contaminated and the 
partition removed the molecules tended to flow from the more contaminated side to 
the least contaminated side. She undertook experiments to see how wax, sulphur, 
wood and tinfoil contaminated surfaces. 
Today many of the standard techniques used in the production of thin films 
are the same as those used by Pockels. She introduced the idea of using spreading 
solvents, (e.g. chloroform) to spread small quantities of material rapidly and 
accurately across the surface [6]. She obtained isotherms (discussed below) of 
stearic acid which are now considered to be essentially correct [6]. Lord Rayleigh 
also conducted experiments on these films and found them to be in the order of one 
monolayer thick [7]. 
In 1931 she won the "Laura Leonard Prize" with Henri Devaux for 
"Qualitative investigation of the properties of surface layers and surface films". In 
1932, three years before her death she received an honorary Doctorate from the 
Carolina-Wilhelhima University in Brunswick, Germany [4]. 
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The Nobel Prize winner (1933) Irving Langmuir made considerable 
contributions in the field of thin films [8]. He set about studying the pressure-area 
relationship of molecules on an aqueous phase and found that the areas occupied by 
molecules such as acids, alcohols and esters were independent of the chain length, 
showing that only the hydrophilic head groups were immersed in the liquid 
subphase. In terms of the LB technique the subphase is the liquid on which the 
floating monolayer resides. The equipment he used was very similar to that used by 
Agnes Pockels and he was the first scientist to show that molecules have a preferred 
orientation at the air-water interface. For these measurements he devised the surface 
balance used for monitoring the surface pressure [9], subsequently named the 
Langmuir balance. Katherine Blodgett worked with Langmuir and together they 
demonstrated that it was possible to transfer monolayers onto solid substrates and 
that one could build a film consisting of a multilayer stack of any required thickness 
[6]. Today any films made in such a manner are known as Langmuir-Blodgett (LB) 
films. 
This research focuses primarily on the synthesis of LB films containing 
Arachidic Acid (AA) and Copper-Tetra-Tert-Butyl Phthalocyanine (CrtTTBPc). 
Phthalocyanines are natural occurring dyes which are made up of macrocyclic 
compounds. Since phthalocyanines are naturally dyes they are readily available. A 
variety of phthalocyanine complexes exist as it is possibly to alter the central metal 
atom and the side chains attached to the phthalocyanine ring. Over recent years 
phthalocyanines have attracted considerable attention due to their semi-conducting 
properties and their chemical and thermal stability which in turn makes them ideal 
candidates in the field of photoconductors, photovoltaic cell elements, optical 
devices, non-linear optics, electrocatalysis and gas sensing devices [10][11][12]. In 
this research CuTTBPc was studied in LB films and evaporated films. CuTTBPc has 
previously been studied in terms of LB films and evaporated films [l 11 but this work 
focuses primarily on the molecular ordering within the films. 
Traditionally molecules used in LB research are amphiphilic in nature, 
meaning that the molecule has both hydrophobic and hydrophilic properties. AA is a 
good example of an amphiphilic molecule with the carboxyl group being hydrophilic 
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and the alky chain being hydrophobic. CuTTBPc, in contrast to AA, is not 
amphiphilic as it does not contain any hydrophilic groups (such as a carboxyl 
group), but consist mainly of hydrophobic moieties (phthalocyanine ring and tert 
butyl groups). This makes the synthesis of LB films containing CuTTBPc a 
challenging process as the molecules tend to aggregate and form clusters. Sheu et. 
a[. [13] and Emelianov et. al. [14] [IS] found that by mixing AA together with 
CuTTBPc the aggregation could be reduced and the film quality improved. 
LB films can be made to exact thicknesses and should encompass a well 
packed surface with a good structural uniformity. For this reason LB films of pure 
CuTTBPc were produced alongside vacuum deposited films of CuTTBPc to 
compare the molecular ordenng within both types of film. Mixed LB films, 
produced with varying molar concentrations of CuTTBPc:AA, were synthesised to 
investigate if aggregation decreased upon the incorporation of AA into the 
CuTTBPc film. Films, ranging in thickness from one monolayer (ML) to twenty one 
MLs were produced to study the layer-by-layer growth structure of the mixed films. 
A range of techniques were employed to study the quality, thickness and 
structural properties of mixed CuTTBPc:AA films. The film quality and coverage 
was investigated by Atomic Force Microscopy (AFM), where it was possible to 
study the films on a sub-micron scale, and ellipsometry was used to determine the 
exact thicknesses of the various films. For the pure CuTTBPc films Scanning 
Tunneling Microscope (STM), Scarrning Tunneling Spectroscopy (STS), X-ray 
Photoemissiori Spectroscopy (XPS) and Near Edge X-ray Absorption Fine 
Structure (NEXAFS) were used to probe the surfaces. The orientation of individual 
CuTTBPc molecules on AglSi(11 1)R30°(4 x 4 )  was observed using STM and the 
HOMO-LUMO band gap of CuTTBPc was found using STS. Detailed studies of 
the NEXAFS spectra revealed the presence of molecular ordering and made it 
possible to calculate the exact tilt angle of the CuTTBPc molecule within an LB film 
of CuTTBPc (on Si02). The NEXAFS spectra were compared to XPS spectra of 
evaporated CuTTBPc (on SiOz and Si(ll1)) and HzTTBPc (on SiO2) and were 
found to be good agreement with each other. 
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Chapter 2 outlines the theory of the LB process and the other techniques 
employed in this work. The floating monolayer, pressure measurements, isocycles 
and target pressure are discussed in sections 2.1.2-2.1.3. From these many properties 
such as the monolayer stability, aggregation, phase changes, target pressures etc. are 
determined. The deposition process and transfer ratios (sections 2.1.4-2.1.5 
respectively) indicate whether the film is X, Y or Z type and whether the films 
quality is good. Sections 2.2 and 2.3 covers the theory behind the AFM and STM 
where the different modes of operation and scanning probes are detailed. 
Ellipsometry and the interaction of polarised light with a solid substrate and 
subsequent deduction of the film thickness is discussed in section 2.4. A description 
of the photoemission process is given in section 2.5 and the NEXAFS process is 
given in sechon 2.6. 
The experimental procedures for the LB, AFM, STM, ellipsometer, XPS and 
NEXAFS are discussed in chapter 3, where detailed accounts of the Nima 2022 and 
Nima 3 12D LB baths are given. The cleaning procedure of the subphase is outlined 
and the preparation of the plasma etched silicon substrates is given along with the 
preparation procedures of the materials which were used in the bath. Evaporated 
films of CnTTBPc on AglSi(l1 1)R3Oo(4 x 4) were studied under UHV with an 
Omicron STM. The experimental setup of the STM is given in section 3.2. Tapping 
mode AFM is described in section 3.3. A Digital Instruments AFM was used to 
image the LB films. The experimental setup of the ellipsometer is found in section 
3.4 XPS experiments were carried out in the Daresbury Laboratories, UK, while the 
NEXAFS experiments were carried out in Aahrus University, Denmark 
Descriptions of the experimental setups for the XPS and NEXAFS measurements 
are presented in sections 3.5 and 3.6 respectively. 
Chapter 4 reports the findings of LB films produced using pure AA, pure 
CuTTBPc and mixed films of AA and CuTTBPc. AA films were grown to gain 
familiarity with the LB technique and experience in the interpretation and analysis of 
isotherms. A range of films were produced and, as predicted, were Y-type in 
configuration. A study was undertaken to investigate if changes in dip speed, pH or 
drying times between layers would affect the film quality. The isotherm for pure 
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CuTTBPc exhibited strong aggregation which made the synthesis of smooth 
monolayers a cumbersome task. AA was incorporated into the CuTTBPc monolayer 
in differing molar ratios to try and reduce aggregation and improve film quality. 
In chapter 5 topographical, orientation and height studies were carried out 
using the AFM, STM and ellipsometer. Using the AFM it was found that the surface 
roughness increased as the thickness of the mixed CuTTBPc films increased. 
Ellipsometry results showed that there was a linear growth in the film thickness as 
the number of layer increased for the 1: 1 CuTTBPc:AA films. Such a strong linear 
trend indicates that the layers must have been depositing on both the up- and 
downstroke. This would agree with the LB results and confirm that the films are Y -  
type in structure. Through analysis of the ellipsometry data film thickness, refractive 
index and extinction coefficients were determined. An STM study of CuTTBPc on 
AgiSi(1 ll)R3O0(d x 4 )  revealed a highly ordered and densely packed surface 
which has previously been unreported in literature. The molecules are found to form 
rows, two molecules in width, running parallel to each other across the surface. It 
was possible to view both the empty and filled states of the molecule by altering the 
voltage bias of the tip. STS data for CuTTBPc on AglSi(l1 l)$ was in excellent 
agreement with XPS and NEXAFS data for thin films of evaporated CuTTBPc in 
thls work. 
Chapter 6 discusses the NEXAFS and XPS results. Using the NEXAFS 
technique a decrease in the HOMO peak as a function of angle of incoming radiation 
showed that the molecule had a strong angular dependency and hence must be 
highly ordered on the surface. It was possible to calculated the exact tilt angle of 
CutTTBPc in a 12 ML LB film on Si02. Analysis of the XPS would verify the 
NEXAFS results and confirm that there was a definite ordering of the CuTTBPc 
molecule, not only in the LB film but also in the evaporated films. The XPS results 
disclosed how the substrate and method of film deposition can influence the 
orientation of the molecule. It was found that LB films are more ordered than 
evaporated films and that films grown on SiOz are more ordered than those on 
Si(l11). 
Chapter 7 discusses the overall finding of the work in thesis. 
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Theoretical Background 
Theoretical Background 
Here in Chapter 2 the theory behind the techniques used to produce and analyse LB 
films and evaporatedjlms is explained. Section 2.1 gives a theoretical description of 
LB process. The STM and AFM techniques are desci-ibed in sections 2.2 and 2.3, 
respectively. Ellipsometry is explained in section 2.4, while XPS and NEXAFS are 
explained in sections 2.5 and 2.6. 
2.1 Langmuuir-Blodgett Films 
2.1.1 Introduction to Lanmuir-Blodgett Films 
Interest has grown in the field of LB research over recent years. The LB 
technique allows the user to manipulate molecules trapped at an interface. Film 
thickness can be accurately controlled as the technique lnvolves the deposition of 
one monolayer on top of another. The film thickness can therefore be controlled to 
within one monolayer. This has made the LB process a valuable technique in the 
field of Nanoscience where molecular devlces, such as gas sensors, photoconductors 
and optical devices, can be constructed with great precision [I]. Ordered films can 
also be synthesised under UHV but UHV equipment can be very expensive 
compared to LB equipment. Obtaining the correct pressure when using thermal 
evaporation can be time consuming. This is not a problem with the LB technique as 
film synthesis is preformed in air in standard laboratory settings. In addition thin 
films may be produced via spln coating but such films often contain spin specific 
defects. Occasionally substrate breakage occurs as the film is being deposited and 
high energy costs can also be incurred. For these reasons the LB technique was 
favoured. The behavior and control of molecules on a subphase is discussed in the 
following sections. The deposition process along with the different types of LB films 
is also explained. 
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2.1.2 The Floatine Monolaver and Pressure Measurements 
For a molecule to be suitable for LB film deposition it must have amphiphilic 
properties. An arnphiphilic molecule consists of both a hydrophobic and hydrophilic 
part. The hydrophilic (water loving) part of the molecule is attracted to polar media 
such as water. Examples of hydrophilic groups are cahxylic acid, sulphates, 
amines and alcohols. Hydrophobic groups (water hating) are typically hydrocarbon 
chains, fats and lipids. Amphiphilic molecules are also known as surfactants or 
surface-active molecules, as they have one part of the molecule attracted to the 
subphase and the other pulling away from the subphase. These properties make the 
molecules float at the air-water interface [I]. 
Most molecules exist in a powdered and aggregated form therefore, in order 
to spread a monolayer on the subphase, it is necessary to dissolve the molecule in a 
non-aqueous volatile solvent, such as chloroform, benzene etc. This spreads the 
molecules over the surface as the solvent evaporates and the molecules orientate at 
the interface with the hydrophobic tails pointing into the air and the hydrophilic part 
pointing into the subphase [2]. A schematic illustration of the molecules at the air- 
water interface is given in figure 2.1. 
Air 
Hydrophobic 
Hydrophilic 
Figure 21: Amphipilie molecules at the air-water interlace 
When the molecules are initially spread onto the subphase the area occupied per 
molecule is large and no lateral adhesions exist. The surface pressure is therefore 
low and the size of the molecules compared to the area of the subphase is negligible. 
It can be assumed that the molecules obey the "ideal Gas Equation": 
PV = nRT (2.1) 
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Where P is pressure, V is volume, n is number of moles, R is the gas constant and T 
is temperature. In the two dimensional case of Langmuir films P = n (surface 
pressure) and V = A  (area per molecule) which gives the following equation 
nA = kT (2.2) 
where k is Boltzmann's constant [3]. Upon compression, the distance between the 
molecules decreases resulting in an increase in the surface pressure. This leads to the 
transition from gas phase to liquid phase to solid phase, as shown in figure 2.2. 
Liquid Phase Solid Phase I 
Figore 2.2: The different phases molecules occupy upon compression of the monolayer with the 
barriers shown in purple. 
A plot of the change in surface pressure versus area gives an isotherm, which 
is a graphical representation of the phase changes. Figure 2.3 shows isotherms of an 
arachidic acid (AA) and copper tetra-tert-butyl phthalocyanine (CuTTBPc) 
molecules. It should be noted that every molecule has it own unique isotherm, which 
acts as a fingerprint. Ideally the isotherm should show distinct regions where the 
phase transitions are obvious but this is not always the case. Most molecules, such as 
phthalocyanines, do not exhibit this behaviour making it difficult to determine the 
exact point at which a phase transition occurs. 
4 
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Figure 23: Examples of isotherms for AA and CuTTBPc. The AA isotherm is an "ideal" 
isotherm in that it clearly shows the phase changes. On the other hand there is no clear 
distinction between the liquid and solid phase for CuTTBPc. 
Arachidic Acid CulTBPc 
When the liquid expanded state 1s reached the molecules have some degree 
of freedom and gauche formations result from the repulsive steric strain interactions 
whch occur when atoms or molecules are forced together more than their atomic 
radii allow, hence there is an increase in pressure. Further compression forces the 
molecules to pack hghtly together and the monolayer 1s then said to be in its liquid 
condensed or sol~d phase. It is posslble to make a monolayer collapse by 
compressing it too much. Thls collapse can be observed as a sudden rise followed by 
a sharp drop m surface pressure as the layer collapses. 
The pressure sensor used in this research is a Wilhelmy paper plate made 
from Whatman chromatography paper of dimensions width (w) IOmm, thickness (t) 
0.15 mm, and length (1) 20 mm, figure 2.4. The Wilhelmy plate has a weight of 100 
mg or 0.1 x 103kg. When the plate comes in contact with the subphase a number of 
forces act upon it. Gravity and surface tension pull the plate downwards while 
buoyancy due to displaced water push the plate upwards. The net force acting on the 
plate is described by the following equation [2] 
Force = weight - upthrust + surface tension (2.3) 
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Front view Side view 
Figure 2.4: A Wilhelmy plate immersed in water 
For a plate of dimensions length x width x thickness (1 x w x t) and density p, 
immersed in a liquid subphase to a depth of h, equation 2.3 becomes: 
F = pglwt -p'ghwt +2y(t + w)cos0 (2.4) 
where y is the surface tension of the liquid, p is the density of the plate, p' is the 
density of the subphase and 0 the contact angle between the plate and the subphase. 
When taking surface tension measurements the pressure sensor is "zeroed" this 
means that the pglwt (weight) and p'ghwt (upthrust) are adjusted to zero. Therefore, 
any additional measured force is equal to surface tension. 
F =  2y(t+ w)cose 
Assuming that the angle 0 is 0' (i.e. cos 0 = 1) and that the thickness of the plate is 
so small that it can be ignored then the force simplifies to 
F = 2 p  (2.6) 
Taking the mass of the Wilhemly plate as 0.1 x 10-3kg and acceleration due to 
gravity as 9.81 ms-2 gives: 
F = mg = 0.1x9.81= 2yw (2.7) 
which gives a surface tension value of 49.1 mN/m for a 100 mg mass. The computer 
software is programmed to read this value as a negative value thus ensuring that a 
positive surface tension reading is obtained when the plate is lifted out the liquid. 
Chapter 2 Theoretzcal Background 
It is standard practice to check the pressure sensor by lifting it out of pure 
water, which should glve a surface tension value of 72.8 mN/m at 293K. Another 
way of checking the sensor is to attach the 100 mg calibration mass to the pressure 
sensor and adjusting the calibration until a reading of 4 9  1 mN/m is obtained for a 
100 mg mass. 
The difference in downwards force, AF, experienced by the plate when 
Immersed in pure water and and the force experiences in the surfactant covered 
water is glven by: 
AF = 2(y'-y)(t + w) (2.8) 
y and y' are the surface tension of the pure water (72.8 mN/m) and the surfactant 
covered water respect~vely. Agan it can be assumed that the plate thickness is so 
small that it can be ignored. So for a l0mm wide paper plate 
AF = 2(yt-y) or AF = 2(Ay) (2.9) 
where Ay is defined as the surface pressure, z. 
Hence for a paper plate of width 10 mm the force is equal to twice the 
surface pressure (or twice the change in surface tens~on) 
AF=2(f-y)=2n (2.10) 
The pressure sensor measures n (= y' - y) , wwhlch corresponds to the surface pressure 
of the adsorbed surfactant. The accuracy in the pressure readings is M . l  mN/m for 
the pressure sensor used in thls experiment. 
2.1.3 Isocvcles and Target Pressure 
Continuous compressions and expansions of a monolayer result in better 
"packing" of molecules and can give more accurate isotherms. The trough is 
programmed to carry out these compressions and expansions (also called isocycles). 
The speed at which the barrier moves and the pressure to which the monolayer is 
compressed is defined by the user. The pressure should not be so high as to collapse 
the layer, as this means that molecules can be forced into the subphase or that the 
molecules can form aggregates. The Limiting Area per Molecule and Target 
Pressure are determined by studying the isotherms and the pressures in the solid and 
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liquid phases. When a satisfactory, reproducible isotherm is obtained the limiting 
area per molecule is found by extrapolation of the isotherm to the x-axis 
(area/molecule). The target pressure is the pressure at which the film is held when 
transferring it onto a solid substrate. Normally the target pressure is the pressure at 
which the film enters the condensed or solid state phase. Once the target pressure is 
chosen it is necessary to check the stability of the film by recording an 
"area/pressure versus time" graph. For a stable film little or no change in area should 
occur when the film is held at the target pressure for a fixed period, usually 30 
minutes. Once the correct target pressure is achieved the film can be transferred onto 
a solid substrate. 
2.1.4 Devosition onto a Solid Substrate 
When the monolayer is compressed to its correct target pressure a film can 
be transferred by lowering the substrate into the subphase. Both hydrophobic and 
hydrophilic substrates can be used for LB films and depending on the nature of the 
substrate, the layer can deposit in different ways. 
Hydrophobic substrates are held above the snbphase and lowered into the 
subphase when the film is at its correct target pressure. The film then attaches onto 
the slide on the downstroke when the hydrophobic end of the molecule is attracted to 
the hydrophobic substrate. For this reason the meniscus of the film curves in the 
same direction as the substrate travel as shown in figure 2.5. 
Figure 2.5: Deposition of the 1st and 2nd layer onto a hydrophobic substrate. 
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Hydrophilic substrates can start either above or below the subphase during 
the dipping process. If they start above, then in theory no molecules should be 
picked up on the downward stroke. On the upward stroke the hydrophilic parts of the 
molecule should attach to the substrate. As with hydrophobic substrates the 
meniscus should follow the direction of the dip, as illustrated in figure 2.6. 
Figure 2.6: Deposition on to a hydrophilic substrate. Note there is no deposition on the 
downsroke if the substrate starts above the subphase 
The vast majority of ampbiphilc molecules deposit in a "head to head and tail 
to tail" fashion resulting in a so-called Y-type film. Other film types also exist. They 
are X-type, Z-type and mixed Y-type. X-type films result from the first layer 
depositing with the tails attached to the surface and subsequent layers depositing in a 
head-to-tail fashion. Z-type films are similar but the heads attach to the surface. Y-  
type films have a head-to-head and tail-to-tail structure regardless of how the first 
layer deposits. Currently there is little understanding as to why molecules deposit as 
X- and Z-type. Films of these structures can, however, be useful in the field on non- 
linear optics because of their non-centrosymmetric structure. It is also possible to 
produce alternating Y-type films. Such films can be produced by using one type of 
molecule on the frrst layer and a different type of molecule on the second layer. The 
pattern is then reproduced through out the film as the layers are deposited. An 
alternating trough, where the bath is partitioned in two, is required to make such a 
film. This enables the subphase on one side of the bath to be covered with one type 
of molecule while to the other side is covered with a different molecule. The dipping 
then occurs on alternating sides of the bath to produce to so-called alternating Y- 
type film. 
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Figure 2.7 : X-, Z and Y-type layer films as well an alternating Y-type layer. 
2.1.5 Transfer ratios 
The transfer ratio is the percentage of the substrate covered by the film ana 
is defined as the area of molecules removed from the subphase at constant pressure 
divided by the area of the substrate immersed in water. Ideally this value should be 
100% but this is rarely achieved for several reasons: (i) the target pressure may be 
incorrect and the film may be collapsing; (ii) if the water level in the bath is too low 
or the barriers are not attached to the bath properly then it is possible for the 
molecules to leak under the barrier. This in turn leads to unstable pressures or (iii) 
the molecules may be unsuitable for deposition and dissolve into the subphase if 
they do not possess enough arnphiphilic character. 
Cleanliness of the bath, subphase and substrate are vital for achieving good 
transfer ratios. If any of these are contaminated then the film will not deposit 
properly. The film then transfers to the substrate and subsequently peels off again. 
Complete or partial peeling of the film is observed when one layer goes on at 100% 
and the next layer goes on with significantly lower or negative transfer ratio. 
Therefore care should be taken when interpreting transfer ratios as poor transfer 
raQos can indicate that there is a problem with the cleanliness of the substrate, the 
subphase or both [21. 
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2.2 Scanning Tunnelling Microscopy 
2.2.1 Introduction to STM 
The scanning tunnelling microscope (STM) was invented by Binning and 
Rtjhrer in 1981 for which they won the Nobel Prize in 1986 [4]. The STM is a non- 
optical microscope used to study surfaces on an atomic scale. The principles of 
quantum mechanics are employed as an atomically sharp up (often containing a 
single atom at its apex) is brought into close proximity to a conductmg surface. 
When a voltage is applied between the tip and the sample electrons "tunnel" 
between the tip and sample, or sample and tip depending on the polarity, resulting in 
a weak electrical current (-ln.4). Samples need to be either conductors or semi- 
conductors if they are to be studied by STM. It is found that the strength of the 
current varies exponentially with the distance between the tip and sample; the closer 
the tip is to the sample the stronger the current. By measuring the current as the tip 
scans across the sample a topographical image of the surface can be obtained. 
2.2.2 Ouantum Tunnellime, 
In STM the electron wavefunction, must penetrate a potential banier in order 
to generate a tunnelling current The potential barrier is the gap between the tip and 
sample as shown in Figure 2.8. Both the tip and the sample are assumed to have the 
same work function, cp. In th~s  case there is a posihve voltage on the tip and thus 
negatively charged electrons flow or "tunnel" from the sample to the tip. The 
wavefunction of the electrons IS shown as a solid line and it can be seen that it drops 
off a few nanometers outside the surface. 
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Figure 2.8: The energy level diagram showing electron tunnelling between the tip and the 
sample in STM. 
Energy 
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The tunnelling current (I) depends exponentially on the distance between the 
tip and the sample (d) and the work function of the sample (9). 
I(d) = Cexp ( -64~)  (2.11) 
where C is a constant which depends on the joint density of states in both the sample 
and the tip.This is a simple one-dimensional description of the tunnelling current. In 
reality a more complicated description of the tunnelling current is called for [5] .  The 
tunnelling current then becomes: 
A 
(?sample 
where EF is the Fermi energy, E, is energy of the state I+/, in the absence of 
tunnelling and M , . is the tunnelling matrix element between states v, of the tip 
and v. of the sample. The matrix element M,, is given by: 
M,, = (h2 / ~ ~ ) J ~ S ( V ; ~ V W ~  -w~vw;) (2.13) 
where dS is a surface element of tip. If the STM tip is spherical, the tunnelling 
current I, becomes: 
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2 4 ZhR, I = ~ ~ X ~ ~ - ' ~ ~ V Q : D , ( E ~ ) R ~  k e xltyv (ro)12S(~v -EF) (2.14) 
where cpo is the work function and Dt(E~) is the density of states at the Fermi level 
per volume of the tip [5]. Therefore at the centre of the tip the tunnelling current is 
propoTtiona1 to the local density of density of states at the Fermi level. As a result 
the STM images are directly related to the electron states at the surface and 
subsequently the resolution of the images is on an atomic scale. 
2.2.3 Scanning Tunnelling Srnctroscow 
Scanning Tunnelling Spectroscopy (STS) is preformed by bringing an STM 
tip into close proximity to a conducting sample whereby there is an overlap of the 
electron wave functions of the tip and sample. If the tip and sample are ideal 
conductors with work functions of cp, and cp, respectively, have equal Fermi levels 
and no voltage is applied to the sample then no electrons will tunnel between the tip 
and sample, figure 2.9 (a). If, however, a positive voltage bias is placed on the 
sample, as shown in figure 2.9 (b) then a tunnelling current will be established. 
Electrons can now flow from the tip into the unoccupied (empty) states of the 
sample. It is also possible for electrons to flow from occupied (filled) states of the 
sample to the tip by placing a negative bias on the sample. The Density of States 
(DOS) of a molecule can be investigated by closely analysing the tunnelling current 
(I) as a function of the applied bias voltage (V),  or I(V) curves. 
(a) Zero Bias (b) Positive Sample Bias 
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Figure 2.9 : (a) No voltage difference between the sample and tip. (b) A positive voltage is 
applied to the sample inducing a flow of electrons from the tip to the empty states of the sample. 
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The tunnelling current, ( I ) ,  is given by 
I = n, (+eV + E)n, (E)T(E,eV)dE (2.15) 
where eV is the over all shift in the Fermi energy levels as electrons tunnel, n, is the 
density of the electronic states of the tip, E is the electronic energy based on the 
Fermi state of the sample, n, is the density of the electronic state of the sample and 
T(E,eV) is the transmission coefficient [6]. Electrons near the F e r n  level are more 
likely to tunnel across the barrier gap and therefore have a higher transmission 
coeffinent than those further away from the Fermi level. This is illustrated in figure 
2.9(b) by the arrows of differing sizes. 
Numerous expenmental methods can be used to probe the DOS of 
molecules. For instance I(V) curves may be measured at a constant tip-sample 
separation or z(V) curves measured at a constant current with a variable tip-sample 
separation. For this research I(V) spectra were recorded at a constant tip-sample 
separaoon thereby eliminating the 1 N  background. This background prevents 
inveshgations of the electronic structure near the F e d  level and is a result of dI/dV 
diverging toward I N  as V approaches zero. With the I N  background eliminated it is 
possible to probe the electromc density of state by normalising the differential 
conductance (dVdV) to the total conductance (INj.  In this work both I(V) and 
(dZ/dV)/(IN) were measured for CuTTBPc on silver terminated silicon as discussed 
in chapter 6. 
2.3 Atomic Force Microscopy 
2.3.1 Introduction to Atomic Force Microscopy 
Atomic force microscopy (AFM) is an increasingly important tool in the 
analysis of surface topography and surface mechanical properties. Binning, Rohrer, 
Gerber and Weibel developed the Scanning Tunneling Microscope (STM) in 1981 
[7]. The AFM was a later development of the STM technique by Binning, Quate and 
Gerber [S]. The basic operating principle of the AFM involves rastering a sharp tip 
attached to a cantilever, across a surface. Laser light reflected off the back of the 
cantilever as it follows the contour of the surface, "maps" out the surface 
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topography. The AFM can operate in three different modes, contact mode, non- 
contact mode and tapping mode. In order to explain the operation of the AFM both 
the contact and tapping mode are discussed. 
2.3.2 Contact Mode AFM 
The AFM tip is positioned by a piezoelectric scanner, which expands and 
contracts linearly with an applied voltage. As the cantilever and tip are attached to 
the piezoelectric scanner they follow the motion of tube scanner. The x and y 
voltages control the movement of the tip in the lateral direction, while the z voltage 
controls the movement of the tip in the vertical direction. In contact mode the tip 
scans across the sample surface and changes in the cantilever deflection are 
monitored with a split photodiode detector, as shown in figure 2.10. 
Output A-B 
A+B - 
Differential A Amplifier 
I Cantilever and Tip 
Figure 2.10: The laser beam is reflected off the back of the cantilever onto the photodiodes. 
Displacement of the cantilever results in one diode collecting more light than the other 
producing an output signal. 
A feedback loop (discussed below) maintains a constant deflection between the 
cantilever and the sample by vertically moving the scanner at each (x, y) data point 
to maintain a "setpoint" deflection [9]. The setpoint deflection controls the amount 
of force the tip applies to the sample. The force between the tip and sample is held 
constant by maintaining a fixed cantilever deflection. Due to the displacement of the 
cantilever one photodiode may receive more light than the other. The difference 
between the photodiode signals divided by their sum produces a signal proportional 
Chapter 2 Theoretical Background 
to the cantilever deflection. The feedback loop for the AFM acts to maintain a 
constant deflection during operation and the z position of the scanner is adjusted to 
Control 
Electronics 
I 
Detector 
. 
Split Cantilever and Tip 
Photodiode 
Detector 
maintain this condition. The feedback loop for contact mode is shown below in 
figure 2.11. The vertical distance the scanner moves at each (x, y) data point is 
stored in the computer to form a topographic image of the sample surface. 
Figure 2.11: Schematic of the AFM (in contact mode) where the feedback loop keeps the 
deflection of the cantilever constant. In doing so the scanner must move in the Z direction, this 
movement is used to produce an image of a surface. 
2.3.3 Tapping mode AFM 
In tapping mode the likelihood of the tip damaging the surface is reduced as 
the tip only taps across the sample rather than maintaining contact. Before the tip 
interacts with the surface its resonant frequency is found by exciting it with a second 
piezo mounted on the end of the scanner, which is attached to the cantilever and tip. 
The amplitude of the oscillation remains constant while the tip is far from the 
sample. When the tip interacts with the sample there is a change in amplitude. In 
tapping mode the feedback loop acts to maintain a constant oscillation amplitude by 
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adjusting the height of the tip above the surface, so that any change in amplitude is 
related to the surface topography. Variations in surface composinon can also he 
mapped out by monitoring the change in phase between the drive frequency and the 
tip as it scans different regions. This is illustrated in figure 2.12. 
(a) 
------ 
Change in 
amplitude 
as tip scans 
(b) surface 
F=--- - 
(c) 
Change in 
Dr~ve signal of cantilever phase as tip 
(4 scans 
surface 
Figure 2.12: The changes in tip amplitude (part (a) and (b)) and phase (part (c)  and (d)) during 
scanning in tapping mode. 
In figure 2.12, part (a), the bp encounters a surface which has the same 
composition as that in part (b). The tips taps the surface at some point in (a) and the 
amplitude at that point is monitored. As the tip moves along there is a change ~n 
height on the surface (part (b)) resulting in a change in amplitude of the tip. In part 
(c) and part (d) the sample is of constant height but its composition changes. There is 
no change in the amplitude of vibration of the tip since the height is constant. 
However, there are changes in the phase of the oscillation due to variation in the 
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force of interactlon. Monitoring the phase change produces an image related to the 
compositions on the surface. 
2.4 Ellipsometry 
2.4.1 Introduction to Ellipsometry 
Ellipsometry is a non-destructive optical method used in the analysis of thin 
films, surfaces and material mcrostructure. In 1810 Malus observed polarised light 
for the first time[lO] and in 1890 Drude took the first measurements to calculate film 
hckness by using the phase difference between two mutually perpendicular beams. 
Ellipsometry is based on measurements of the change in the polarization state of 
light reflected from a sample. The reproducibility and precision of this technique is 
hgh since ratios rather than absolute values are measured. In ellipsometry the 
change in phase and amplitude of the elliptically polarized beam is used to 
determine the film thickness, refractive index, extincbon coefficient, surface 
roughness, interfacial regions, composition, crystallimty, anisotropy and uniformity 
of t h n  films [lo]. 
2.4.2 Presnel Reflection Coefficients and Brewster Anele 
In ellipsometry linearly polarised light interacts with the sample. This 
interaction changes the light from linear polarisation to elliptical polarisation. In 
polarisation measurements only the electric field is of interest. The electric field 
vector, E has two components, E(x) and E(y), and the resultant vector can be at any 
angle or orientation. When the light waves propagate in the same direction, and are 
in phase with their E-vectors at right angles a linear polarised wave results. Circular 
polarised light results if E(x) and E(y) have the same amplitude and hrection but are 
90" out of phase. Elliptical polarized light results when E(x) and E(y) have different 
amplitudes and phases [12]. 
Ln ellipsometry linear polarised light is incident on the sample at an oblique 
angle,0. The incident light has electric field components of E, and E, which are 
parallel and perpendicular respectively to the plane of incidence. For angles of 
incidence between 0" and 90" the p- and s-components have different reflection 
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coefficients. When linear polarised light interacts with the sample the p- and s- 
components experience a phase and amplitude shift. The change in polarisation is 
measured in terms of psi (Y) and delta (A). A provides information about the 
changes in phase while Y provides information about the amplitude change [I 11. 
Figure 2.13: Linearly polarized light reflects off a sample changing linear polairsed light to 
elliptically polarised light. Both the incident and reflected beams lie in the same plane[l2]. 
The Fresnel Refiction Coefficients, R, and R, are related to the Y and A values by 
the following equation [lo] 
p = = tan (Y)ea (2.16) 
where p is the Ratio of the Fresnel Refection Coefficients. This ratio gives the 
ellipsometry technique its high accuracy and precision as absolute values are not 
required. 
Another advantage of ellipsometry is that the measurement does not depend 
on the intensity of the incident light. The measurements depend only on the changes 
in polarization of the light (i.e. changes in the values of Y and A). In figure 2.14 the 
light has the same polarization (Y and A values) in both cases hut the size of the 
ellipse or its intensity is different. 
.es;hE M~~~~ 
Intense Different Size intense (Intensity) 
Same Shape1 
(Polarization) 
Figure 2.14: In ellipsometry the intensity of the light does not effect measurements [12]. 
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If the R, and R, values are plotted as a function of the angle of incidence then at a 
certain angle the Rp values is at minimum. At this angle the difference between the 
R, and R, values is a maximum. The angle at which this occurs is called the 
Brewster Angle, & and ellipsometry measurements are most sensitive to film 
characteristics at this angle [13]. Figure 2.15 gives examples of the Brewster Angle 
for silicon dioxide and aluminum. 
Reflemance of bulk ~102 .832  8 nm Reflectance of #. 832 8 nrn 
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Figure 2.15: The Brewster Angle is the angle at which the Rp value reaches a minimum while 
the Rs value continues to increase. The difference between the Rp and Rs values is at a 
maximum and this angle. (a) is silicon dioxide and (b) is aluminum [13]. 
The Brewster angle is also related to the refractive index. 
tan0~ = nz/nl (2.17) 
where nl and n2 are the refractive indices of air and the substrate or of the thin film 
and substrate respectively. If graphs of R&, and YIA versus angle of inc~dence are 
compared then it can be seen that the A value drops from 180" to 0" at the Brewster 
angle. Maximum sensitivity of the ellipsometer is achieved when the A value is set 
to 90". 
2.4.3 Interaction with a Solid Substrate 
If a substrate is composed of layers then the substrate and each of the layers 
have their own Brewster angle. The Pseudo-Brewster angle is the angle at which 
measurements are be taken for any layered substrate. The presence of layers or a thin 
film introduces interference 1n the reflected and transmitted light. Each reflected 
wave has its own phase and amplitude. The refractive index, extinction coefficient 
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and thickness of the film determine the reflected and transmitted intensities, phase 
change, and refraction angle. For a material containing a substrate and a film the 
thickness of the film can be calculated. For thin films the R, and R, components are 
where 101 is the reflection from the thin film to air, rlz is the reflection from the 
substrate to the thin film and j3 is the phase thickness [lo]. The reflections and 
transmissions which take place in a thin film are shown in figure 2.16. 
Figure 2.16: The various h m m k i o n s  and refleaions which ocau in a thin film 
When the ratio of % to R, is known p, the phase thickness, can be determined and 
this is then used to calculate the film thickness dl, if the refractive index of the film 
nl, is known. The equation for calculating film thickness, at a wavelength, h, is [lo] 
(2.20) 
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2.5 X-Ray Photoelectron Spectroscopy 
2.5.1 introduction to XPS 
X-Ray Photoelectron Spectroscopy (XPS) 1s canied out in an ultra high 
vacuum environment, where the sample to be analysed is irradiated with X-ray 
photons. XPS is used to study the chemical and electronic structure of solids and is 
based on a "photon in-electron out" process When a photon impinges upon an atom 
in the solid, one of three events may occur, (1) the photon can pass through with no 
interaction; (ii) the photon may be scattered by an orbital electron leading to partial 
energy loss or (iii) the photon may interact with an atomic orbital electron with total 
transfer of the photon energy to the electron, leading to electron emssion from the 
atom. The third event describes the photoemission process that is the basis of XPS 
[51. 
2.5.2 The Photoemission Process 
Total transfer of the photon energy to the electron is the essential element of 
photoemission. In XPS the photon is absorbed by an atom in a molecule leading to 
ionization of the molecule and the emission of a photoelectron [4]. The kinetic 
energy, Ehn, of the photoelectron is given by 
Ebo = hu-Eg- $I (2.21) 
Where hu is the energy of the photon, Eg is the binding energy of the electron and (I 
is the work function of the material. The photoemission process is shown 
schematically in figure 2.17. 
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Figure 2.17: A photon impinges on a 1s core electron with a total transfer of energy resulting in 
a 1s core photoelectron. 
Both core levels and valence bands can be studied using XPS. Each element has it 
own unique core level spectrum making it possible to carry out chemical 
identification. The valance band electrons are directly involved in bond formation 
and changes in chemical environment may give rise to chemical shifts in the 
spectrum. The electronic properties of the material can be determined by studying 
the valance band spectrum The position of the highest occupied molecule orbital 
(HOMO) and the tilt angle of a molecule can be determined by studying 
photoemissions from the valance band. 
2.5.3 Inelastic Mean Free Path 
When photons interact with electrons elastic and inelastic collisions take 
place as the excited electrons are ejected from their orbitals. In an elastic collision 
the ejected electron does not lose any energy when it is involved in a collision with 
an atom. In an inelastic collision the electron loses a fraction of its energy in a 
collision. Inelastic collisions may occur as the emitted electrons make their way out 
of the sample and into the detector. These scattered electrons contribute to a 
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background in the spectrum. XPS focuses on the elastically scattered electrons 
which have charactenstic energies for that matenal and contnbute to the peaks in the 
spectra used for analysis of the composition of the material. Elastically scattered 
photoelectrons from the core levels (Is, 2s, ,2p etc.) contribute to the formation a 
core level spectrum. Inelastic collisions are responsible for the decay in intens~ty 
after the electron beam has traveled a distance, d, in a solid. The decay follows a 
first-order exponential and is given by 
I(d) = 10 exp (-dlh) (2.22) 
Where I(d) is the intensity of the electron beam after 1s has traveled a distance d in 
the material, b is the i ~ t l a l  beam intensity and h is the Inelnstic Mean Free Path 
(IMFP). The IMPF is the mean distance traveled by an electron in a solid before it is 
inelasbcally scattered. Small inelastic mean free paths mean that the electrons only 
travel a short distance before colliding with other electrons and are scattered. This 
makes the distance d, small and hence the surface sensitivity is high. A plot of the 
I M P  for metals versus electron energy is shown in figure 2.18. 
Energy (eV) 
Figure 2.18: Universal Inelastic Mean Free Path versus kinetic energy for solids [14]. 
Plasmons are produced when electrons collide with those electrons found in the 
valence/conduction band of the solid resulting in a quantised electron density 
oscillation Below 30 eV it is found that the electrons do not possess enough energy 
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to exciteplasmons. Between -50-100 eV the IMFP is at its minimum meaning that 
the surface sensitivity is at it greatest. Beyond this value the electrons have a higher 
energy and travel faster, therefore reducing the amount of time the electron spends in 
the simple. This reduces the possibility of any energy loss. 
2.5.4 Shake-UD Satellite Peaks 
The XPS spectrum not only consists of peaks due to core level emissions but 
also contans shake-up satellite peaks. These peaks are a result of photoelectrons 
losing energy by promoting valence electrons from an occupied energy level to an 
unoccupied higher level. During normal photoelectron emission a photon impinges 
on a core electron and the electron is emitted with an energy of hu-E~ with no loss of 
energy. However, if that electron collides with a valence band electron and an 
energy loss of AE occurs the emtted photoelectron (or shake-up satellite) will have 
an energy of hu-EB-AE The shake-up satellite peaks are therefore found at lower 
kinetic energies than the core level peaks. The process is shown in figure 2.19. 
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(a) E, =hv-E, (b) 
E, = hv-E, -ffi 
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Figure 219: (a) The emission of a photoelectron with Ex = hv-EB. (b) The formation of a shake 
up satellite after the photoelectron collides with a valence band electron. The collision results in 
an energy loss of AJi and therefore the kinetic energy of the shake-up satellite is hv-b-AF,. 
2 6 1 0 2  The electronic structure of copper in its ground state is [Ne]3s 3p 3d 4s . There are 
three possible excitations involving the 3d electrons and a 4s electron. The first 
process involves the direct photoemission of one of the 3d electron according to [I51 
3p63d104s1+ h~-- t3~~3d~4s '+e-  (2.23) 
Figure 2.20 illustrates the direct excitation of the 3d electron. 
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Figure 2 a .  The one-electron photoemission pmcess exciting the 36 electron. 
The second process involves the formation of a 3d shake-up satellite which occurs 
after a 3d electron is emitted and a second 3d electron is promoted into the 4s energy 
level. This two-hole shakeup is shown in figure 2.21 and is represented by [I51 
6 10 1 6 8 2  3p 3d 4s + hv-+3p 3d 4s + e- (2.24) 
Vacuum---------------------------- 
4s' r 4s2 
thv 
- 
3d1°- 3d8 
Figure 2.21: The two hole shake-up where one M electron is emitted from the sample, wNe the 
other 3d electron is promoted into the 49 energy level. 
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The third excitation process involves a transition from the 3p to the 4s level 
followed by a simultaneous Auger decay. The process is shown in figure 2.22 and is 
represneted by: 
6 8 2  3p63d104s'+ hv,-*3p53d104s2cr3p 3d 4s +e- (2.25) 
Vacuum .-........----------------- Vacuum . ..---.....-.------------ Vacuum 
4s' 14s1 4s' 
3d1°- "lo.E- 
3p6  3 d  
+ hV 
3p63d'04s' - 3p53d'%s2 c-, 3p63dg4s2+ e- 
Figure 2.22: The Auger decay assoaated with the promotion of a 3p electmu to the 4s energy 
level. 
2.6 Near Edge X-ray Absorption Pine Structure 
2.6.1 Introductions to N E W S  
The N E W S  technique is used to probe the orientation of molecules on 
surfaces. Extended X-ray absorption fine structure (EXAFS) was the precursor to 
N E W S .  Initially the NEXAFS part of the EXAFS spectrum was discarded as it 
was thought to be too complicated to analyse. The first calculations of the NEXAFS 
structure of molecules were canied out by Dehmer and Dill in 1975 [16]. Today 
N E W S  is a standard technique in surface analysis. NEXAFS was used in this 
work to determine the orientation of the CulTBPc molecule on silicon substrates. 
2.6.2 NEXAFS process 
Beer's Law describes the absorption of photons in a medium [5] by 
I(x) = 1,expCp) (2.26) 
where I, is initial photon intensity I(x) is intensity at a distance x into the medium 
and p is the absorption coefficient. X-ray photons have the ability to excite core 
electron into the empty valence states or into the ionisation states. The transition of 
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the electrons from their initial to final states can be observed by studying the 
absorption coefficient as a function of photon energy, as shown in figure 2.23. The 
presence of absorption edges at certain energies lead to a sharp increases in the 
absorption coefficient due to new X-ray absorption channels opening up in the 
material. There is a decrease in the X-ray absorption as the photon energy increases. 
The energy region close to the absorption edge is called the Near Edge X-Ray 
Absorption Fine Structure (NEXAFS) region. Above these edges there 1s an 
oscillation in the absorption signal and this region is known as the Extended X-Ray 
Absorption Fine Structure (EXAFS) region. 
m 
+ k 
dX lncrdent photon energy 
Figure 2.23: Beer's Law is shown on the left hand side of the image, while the absorption 
coefficient as a function of photon energy is shown in the right hand side 1171. 
The NEXAFS region is used to study the orientation of molecules on a surface. The 
orientation is calculated by studying the intensity of peaks corresponding to z and o 
bonds in the molecule for different angles of incidence of the ramation. 
The absorption of a photon can cause the excitation of a core level electron 
into an unoccupied molecular state ( x  + x' and o + o*) above the Fenni Level. The 
core hole created can be filled by a valence electron and the excess energy is given 
off either by the emission of an Auger electron or by a fluorescent photon. The 
process is shown below in figure 2.24. 
Fluorescent photon emission is known as a radiat~ve vent and Auger photon 
emission is known as a nonradiative event. The fractions of the radiative and 
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nonradiative decay rates as a function of the total decay rate are given by the 
formula: 
w, +of =1 (2.27) 
where w, is the Auger yield and wf is the fluorescent yield. From the K-shell 
excitations of low-Z atoms, the Auger event occurs over a shorter timescale and so is 
found to dominate. Total yield experiments (TEY) were canied out whereby the 
spectrum contiuned a photoemission derived signal and an Auger derived signal at 
each incident photon energy 
Valence Electrons 
Figure 2.24: The absorption of a photon can cause the excitation of a core electron resulting in 
the formation of an Auger electron (a) or a fluorescent photon (b). 
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2.6.3 Determination of molecular orientataion 
An excited CuTTBPc molecule contains a number of aromatic bonds whch 
consists of highly directional n* and o* molecular orbitals. It is found that the x* 
molecular orbital is aligned perpendicular to the plane of the aromatic ring, while the 
a* lies in the parallel direction [18] as shown in figure 2.25. 
* 
* 7r 
Aromatic 
* Ring t3 
Figure 2.25: The orientation of then* and a* molecular orbitals in an aromatic ring. 
The probability of exciting an electron from the core level to an unoccupied 
molecular orbital is given by [18]: 
where I is the intensity of the resonance, f is the oscillator strength, e is the unit 
vector, I! is the momentum operator and E is the electric field vector. For the n* 
state, where the molecular orbitals are aligned perpendicular to the plane of the 
aromatic ring, (f lpli) is in the direction of the maximum orbital amplitude meaning 
that the probability of excitation between a 1s lmtial state and a n* state is at a 
maximum when the electric field vector, I%, is pointing in the same direction as the 
direction of the final state, then 
where 6 is the angle between the E-field vector and the vector perpendicular to the 
plane of the final state orbital and v denotes a vector final state orbital. Similarly for 
the IS* state. 
2 k l e  * p~i)l: - I. = sin E 
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where E is the angle between the E-field vector and normal to the plane of the final 
state orbital and p denotes a plane final state orbital. The above two equations relate 
to the interaction of a untdirectional (i.e polarised) E-field with the n* and ci* 
molecular orbitals. There are two components to the E-field vector in synchrotron 
radiation, one in the horizontal orbital plane and one in the vertical orbital plane. If 
the X-ray propagates along the z-axis, then the x- and y- axes with unit vectors of e 11 
and e I lie in the horizontal and vertical planes respectively The electric field vector 
can now be described as: 
E = Ell cos(kz - a t )  + E L  sin(kz - ot)  (2.31) 
where ilk is the momentum of the X-rays and o is the frequency of the 
electromagnetic wave. Equation 2.27 can be altered to account for the 
perpend~cularly oriented E-field vectors with the resultant equatlon being: 
where P, the polansation factor, characterises the lntenslty or energy denslty of the 
electromagnetic field in the orbit plane and is given by 
Using Equation 2.33, equation 2.32 can now be written as 
I I 
where el' and e are the unit length vectors in the directions of Ell and E respecively. 
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;I x-rays 
Figure 2.26: Coordinate system defining the geometry of a n* vector orbital,, with respect to 
the sample surface and the incident synchrotron radiation [IS]. 
Figure 2.26 represents the coordinate system defining the geometry of a x* vector 
+ + II +i 
orbital, 0 ,  with respect to the incident E-field vectors E and E , 0 is the angle 
between the incident synchrotron radiation and the plane of the surface, a is the 
i 
angle between the surface normal and the incident vector 0 and 6 is the angle 
i + II 
between the projections of 0 and E onto the surface plane. 
Using this coordinate system, equation 2.34 can be redefined in terms of the 
angles 6,  a and 0. It is shown that for a surface exhibiting twofold symmetry the 
intensity of the a* emission is given by [18]: 
I = p(cos2 Bcos2 a + s i n 2  OsinZ acos2 4) + (1-p)(sln2 as in2  4) (2.35) 
For threefold or higher symmetry the cos2@ averages to ?h and the intensity variance 
of the x' emission can be given by: 
Using equations 2.35 and 2.36 it is possible to deduce the orientation of the 
unoccupied molecular orbitals with respect to the incident synchrotron radiation. 
From this the tilt angle of the molecule on the substrate can be determined. 
Theoretical Background 
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Experimental Setup 
Ex~erimental Setup 
The various equipments used to synthesise and probe the LB films and evaporated 
jlms are outlined zn Chapter 3. LB jlms were produced in DCU, Ireland, and 
Nott~ngham Unzversity, UK, using two dflerent LB baths. A description of the baths 
is given in section 3.1 The experimental setups of the STM, AAFM and ellipsometer 
are found in sections 3.2, 3.3 and 3.4, respectively. XPS experiments were conducted 
in the Daresbury Laboratories, UK, on station 4.1. Section 3.5 describes the setup of 
the XPS. NEZtFS experiments were carried out on the SX700 beamlzne in Aarhus, 
Denmark. Section 3.6 detazls the NEZtFS experiments. 
3.1 Langmuir-Blodgett Experimental Setup 
3.1.1 Setup of the LB baths 
Two different types of LB baths were used in this research project. A Nima 
2022 bath with a circular trough was used in DCU, while a smaller rectangular Nima 
312D bath was used for the films prepared in Nottingham. The troughs were 
constructed from Teflon and both had movable Teflon barriers, a pressure sensor 
(Wilhelmy Plate) and a movable dipper. The trough was filled w~th  the chosen 
subphase liquid. This could be ultrapure water or, for example, solutions containing 
metal salts. A monolayer of the chosen molecule was spread on the surface and 
compressed by moving the barrier. The pressure was mon~tored during compression 
and once the correct pressure was reached a layer of film was deposited by lowering 
the dipper into the subphase. As the LB technique involves the study of monolayers 
it 1s vital that all external vibrations are isolated. 
The Nima 2022 Model trough was placed on a granite table which had 
wooden blocks and foam placed under the legs to improve vibration damping. In 
addition wooden blocks were also placed under the legs of the LB trough. Finally, 
the trough sat on an ~nflated rubber tube to further dampen vibrations. Photographs 
of the Nima 2022 and 312D baths are shown in figures 3.1 and 3.2 respectively. 
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Figure 3.1: EHperimmtal setup of the Nima 2022 LB bath where (a) is the Wilhelmy Plate, (b) is 
the pressore sensor, (c) is the snbstrate holder, (d) is the dipper mechanism and (e) is the 
movable barrier. 
The Nima 312 D Model was smaller in size and situated in a fumehood. Its 
operating principle was the same as that of the Nima 2022 Model and it had the 
same accessories. Due to its compact size vibrations could be successfully isolated 
by placing foam under the legs of the bath. 
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Figure 3.2: Experimental Setup of the Nima 312D LB bath where (a) is the moveable barrier, 
(b) the the pressure sensor, (c) is the substrate holder and (d) is the dipper mechanism. 
3.1.2 Calibration Procedures 
The calibration procedures are described in detail in the Operating Manual 
[I]. A short description of the procedures for the Nima 2022 bath are presented here. 
As the Nima 312D Model was new recalibration was not required. 
The dipper and barrier are c o ~ % t e d  to continuous multiturn 
potentiometers. Through the potentiometers the position of the dipper and barrier are 
converted to voltages, which are then digitalized by an Analog to Digital Converter 
(ADC) and read by a computer. Calibration of the dipper and bamer speeds is 
performed automatically by the software. Typical values for the dipper and barrier 
The pressure sensor was calibrated by banging a 100 mg mass from the sensor. If the 
speeds are shown below. 
sensor was working correctly a reading of - 49.1 mNlm should be obtained. If this 
Dipper 
Barrier 
Table 3.1 : The values obtained after calibration of the dipper and barrier. 
Low speed 
0.2 mmlmin 
17.2 cmL/min 
High speed 
218.9 mrnlmin 
1020.8 cml/min 
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was not the case then the calibration procedure given in the manual was repeated. 
Errors in the calibrauon could arise by the moving arm of the sensor touching the 
sensor housing. While carrying out the callbration it was essential to mimm~ze 
contamination of any of the part of the bath or any of it accessories. 
The Nima 2022 Model was a clrcular alternate layer trough with two 
pressure sensors, two baniers and a dipper mechanism. All of these components 
were removable. The trough was also equipped with circular and domed acrylic 
covers, which were used to protect the trough from dust and contamnatlon. The 
312D model had a single layer rectangular trough with one pressure sensor, two 
barriers, a dipper mechanism and flat acrylic covers which sat about 1.5 cm above 
the subphase. 
As the LB techmque involves the transfer of monolayers onto a clean 
substrate it is vital that all parts of the trough are clean and free of any type of 
contamination, which may interfere with the making of ultra th~n films. Although the 
troughs were of a different design they were both subjected to the same cleaning 
procedures. The troughs and baniers were constructed from Polytetrafluoroethylene 
(PTFE) which is one of the most inert and hydrophobic polymers known. Before 
cleanlng the trough, the dipper, barriers and pressure sensors were removed. The 
trough was filled with a 0.1M solution of sodium hydroxide and left soaking 
overnight to remove any contanlinants The trough was then thoroughly rinsed with 
Ultra pure water (Milllpore, Milli Q-Plus model) with a resistivity of 18.2 MQ-cm at 
25°C to remove the sobum hydroxide and remaining contaminants. The trough was 
wiped out with Kimwipes (type 7105, which are surfactant free) whtch were soaked 
In chloroform (- 99.8% pure, Sigma Aldnch, Ireland.). Finally, any excess 
chlo~ofonn was wiped away with Kimwipes soaked in ultrapure water to ensure that 
no surfactants were left in the trough. It was important to note that the filling of the 
bath with sodium hydroxide was only necessary when the bath was seriously 
contaminated or had not been used in a long time. It was normally sufficient to clean 
the bath wlth Kimwipes, chloroform and water. The Nima 312D Model was a more 
recent des~gn and was cleaned with chloroform and water. The barriers were also 
cleaned using chloroform and water as they too were made from PTFE. After 
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cleaning, the individual components of the bath were reassembled and the bath was 
filled with ultra pure water. 
3.1.3 Cleaning of the Subphase 
The procedure for cleaning the subphase was the same for both baths. 
Ultrapure water was used as the subphase, or in the preparation of the subphase, e.g. 
CdC12. If there was too much water in the bath it was possible to actually push the 
monolayer off the surface of the subphase. On the other hand if there was not 
enough water in the bath the monolayer could leak under the banier. Both extremes 
cause serious problems when obtaining isotherms and depositing films. To avoid 
these problems the bath was carefully filled with water until it almost overflowed. 
Cleaning of the subphase was a relatively simple procedure involving the 
observation of Area-Pressure graphs. A Wilhelmy plate attached to the pressure 
sensor was the lowered into the subphase so that it was just submerged and its 
contact angle with the subphase was considered to be zero In order to eliminate drift 
in the pressure sensor readings the equipment was given adequate time to warm up 
and it was important to allow the paper plate to fully adsorb water from the 
subphase. The pressure reading was then zeroed in the software. The banier was set 
to the fully open position and then swept to its minimum area position at a fixed 
speed (typically 50-100 cm2/min). No change was be observed in the surface 
pressure, indicated by a flat isotherm, if the surface was free of contamination . If 
this was not the case then the surface was cleaned using a pipette which was 
attached to an aspirator pump and used to suck off any material no the surface The 
bamer was then reopened and the Wilhelmy plate was readjusted to zero contact 
angle. The surface pressure was reset to zero because a reduction in the water level 
changes the pressure reading. The trough required the addition of water if a large 
amount was removed with the aspirator pump. This cleaning procedure was repeated 
until the change in surface pressure was less than 0.5 mN/m. As this stage molecules 
could be deposited onto the surface of the subphase. 
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3.1.4 Preparation of Hydrophobic Substrates 
Glass or silicon (purchased from Wacker-Chemitronic GMBH, Germany) 
could be rendered hydrophobic with the use of hexarnethyldisilazane (HMDS, 
C6HlgNSi2) HMDS is w~dely used to produce hydrophobic substrates because (i) it 
is an adhesion promoter, which allows for better film formation and coverage; (h) 
the surface tension of the substrate is reduced by HMDS when the polar hydroxyl 
and oxide moieties on the substrate surface react with the trimethylsilyl groups to 
produce a non-polar surface monolayer [2]. HMDS works by reacting with the water 
molecules already present on the substrate to produce inert hexamethyldisiloxane 
((CH3)3Si0Si(CH3)3) and ammonia (NH3). Further reactlon of the now dehydrated 
substrate with HMDS produces trimethylsilyl substituted hydroxyl or oxide species 
and unstable trimethylsilylamine. The trimethylsilyl then reacts with another surface 
hydroxyl to produce ammoma or an inert tnmethylsiloxy specles. The steric 
constraints produced by the large bulky trimethylsily groups do not permit the 
penetration of water, rendering the surface of the substrate hydrophobic, as 
illustrated in figure 3.3. 
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Figure 3.3: The reaction of HMDS with silicon to produce a hydrophobic surface. 
Standard microscope glass slides (2.5 cm x 7.5 cm) which were rendered 
hydrophobic by HMDS were used as substrates In the Nima 2022 bath. The slide 
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was first cleaned in an ultrasonic bath for 10 to 15 minutes. It was then placed in a 
Petri dish and 2-3 drops of HMDS were spread on its surface and left soaking for 12 
hours. Excess HMDS was removed by placing the slides in an ultrasonic bath in 
trichloroethylene, methanol, P A ,  and ultrapure water for 10 to 15 minutes. The 
hydrophobic slides were dried in a stream of nitrogen. 
3.1.5 Preparation of Hvdrophilic Substrates 
Silicon substrates with dimensions of 2 cm x 1 cm or 1 cm x 1 cm were 
used in the Nima 312D bath. The silicon was scnbed with a diamond tip on its 
polished side and cleaved to the appropriate size. They were cleaned ultrasonically 
in ethyllactate, acetone, methanol and P A  respectively for 10 minutes, under 
cleanroom cond~tions. The substrates were then placed in an oxygen plasma etcher 
(Microwave Downstream Barrel Etcher 1PLS205) for 10 minutes at 150°C. Finally, 
before use, a stream of nitrogen gas was passed over the surface. 
3.1.6 Preparation of Monolaver Material 
As an Initial experiment Arachidic acid (AA), ( Sigma Aldrich, > 99%), was 
used in the Nima 2022 bath. Katharine Blodgett was the first to report her work with 
AA in 1939 [3] and since then this molecule has been studied intensely as a 
prototypical molecule. An AA solution with a concentration lmg per ml of 
chloroform was prepared in a volumetric flask with lOml of chloroform. The flask is 
shaken vigorously in an ultrasonic bath to ensure the acid had dissolved. The 
structure of AA is shown in figure 3.4. 
Chapter 3 Experimental Setup 
Carbon Oxygen 
Figure 3.4: The 2D and 3D structures of AA, drawn using ChemSketch 141. 
A 0.5 mg/ml solution of Copper(11) 2,9,16,23-tetra-tert-butyG29H,3IH- 
phthalocyanine (CuTTBPc), figure 3.5, purchased from Sigma Aldrich (> 97%), 
was prepared in a similar manner. Solutions containing different molar ratios of AA 
and CulITBPc were made by mixing the appropriate volumes of lmglml AA with 
lmg/ml CuTTBPc. For example a 1:l molar ratio of Pc:AA was prepared by mixing 
2.56ml CulTBPc with lml AA. Ultrapure water with a resistivity of 18.2 M a  at 
room temperature, 25"C, was used for the subphase. The pH of the subphase was 
varied by adding concentrated HCl (Sigma-Aldrich, 37% fuming). 
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Figure 3.5: The 2D and 3D structures of CulTBPc. 
3.1.7 Obtaining Isotherm and Deposition onto a Substrate 
A clean 50pL Hamilton-Bonaduz syringe was used to deposit solutions onto 
the subphase. The amount of solution used in the bath is critical so the syringe was 
held a few millimeters away hom the surface to prevent drops accelerating and 
passing into the bulk of the subphase. The pressure reading must return to zero after 
evaporation of the chloroform as the molecules are then in their "gas phase" and 
therefore do not exert any pressure on the surface [S]. Once the reading had returned 
to zero the barriers were closed at a controlled speed and isotherms of the monolayer 
were recorded. Even though the subphase was ultra pure water it was possible that 
traces of ions or other contaminants were present. Any ions present in the subphase 
could react with the monolayer. The spreading and removal of monolayers removes 
most of these ions, so that the final spreading of the molecules should produce a 
"clean" monolayer. 
In some cases lack of control over the evaporation of the film and the 
dissolving of the molecules in the subphase can lead to film loss [S]. If the 
experiment was carried out quickly after spreading the monolayer then film loss was 
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insignificant in the x- A isotherm. For this reason experiments should be carried out 
as soon as the monolayer has been deposited on the surface. 
The target pressure, which was usually chosen to be in the liquid or solid 
phase, was determined from the isotherm. The monolayer should be stable at the 
target pressure to ensure that an ordered monolayer transfers to the substrate. With 
some molecules it is necessary to choose different pressures and to monitor the rate 
of change of area with respect to time. If the pressure was stable then no change in 
the area was observed typically over a 30 minute time period. A monolayer was then 
deposited by lowering and raising the substrate into the subphase at the chosen target 
pressure. Various parameter such as dipping speed and waiting times (i.e. the time 
interval between depositing successive layers) were determined experimentally. In 
some cases, as with CuTTBPc, it was beneficial to dry the first layer on a hotplate to 
improve the deposition of subsequent layers. 
3.2 STM Experimental Setup 
STM is a valuable technique which makes it possible to view and observe the 
behaviour of individual molecules on a given surface. Experimentally certain criteria 
must he met to make this possible. STM measurements must be carned out in a 
UHV environment and steps should he taken to minimise external noise. The tips 
used to probe the surface should be sharp and the feedback loop should be sufficient 
to produce clear images or spectra. The following sections detail the various aspects 
of the STM. 
3.2.1 Scanning modes and tips 
The scanning tunnelling microscope (STM) can operate in constant current 
or constant height mode. In constant height mode a constant voltage is applied to the 
z-piezo, the tip is scanned across the surface and changes in the tunnelling current 
between the tip-sample are monitored. The variations in the tunnelling current are of 
the order of lnA, therefore necessitating the use of a sensitive amplifier. 
In constant current mode the tunnelling current is maintained at a constant 
value by adjusting the tip height as it scans across the surface. Changes in the trp 
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height are monitored to provide a topographical image of the surface. The two 
different scanning modes are shown in figure 3.6. 
The tips used in the STM were electrochemically etched polycrystalline PtlIr 
tips. Very little preparation is required when using these tips and they can be 
sharpened either by carrying out a control "tip crash" on the surface or by rastering 
the tip quickly across a surface. Both methods should ensure that any debris on the 
tip is removed. 
(a) (b 
Sample Sample 
Figure 3.6: The different scanning modes in STM, where s is the tip-sample seperation. (a) 
Constant current mode and (b) constant height mode. 
It is also possible to carry out spectroscopic measurements, or scanning 
tunnelling spectroscopy (STS). The tip is held at a fixed point on the surface, the 
voltage is varied while the tunnel current is measured generating a current-voltage 
Z(V) spectrum. The features in the I(V) spectra can be related to the density of states, 
both filed and empty, of the surface. I(V) curve measurements are taken at a fixed 
tip-sample separation in order to correlate the surface topography with the local 
electronic structure. 
3.2.2 STM Feedback Mechanism 
The tunnel current is amplified and converted to a voltage. The distance 
dependence is then extracted by passing the signal through a logarithmic amplifier 
and the output signal is compared to a preset value, with corresponds to a specified 
gap width, s. The difference signal is fed to the z-piezo high voltage amplifier and 
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the tip is moved towards or away from the surface to bring the gap width back to the 
desired value. A topographical image can be attained from the changes in the z-piezo 
drsplacement during the scan assuming the barrier height remains constant over the 
scan area. 
Constant current mode is limited by the stability of the feedback loop, figure 
3.7. The tip begins to oscillate if the phase shift of the system exceeds 180". When 
this happens the feedback loop is said to be positive. The cut off frequency of the 
feedback loop (or the maximum frequency at which the feedback loop can operate in 
negative feedback) is in the kHz range. The output of the I-V converter is fed into a 
low pass filter to suppress the high frequency signals. The scan speed is limited by 
time delays within the circu~t, which can cause osc~llations. Ideally the overall gain 
of the feedback loop should be as large as possible so that the tip accurately follows 
the contours of the surface. However, a compromise value is often chosen to ensure 
that the gain is less than unity, above the cut off frequency. The cut off frequency 
must be below the mechanical resonance frequencies of the STM head to prevent 
feedback instability due to transmitted vibrations. 
Figure 3.7: Feedback loop for the STM in constant current mode. 
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3.2.3 UHV Svstem 
The UHV system consists of three main chambers: the preparation chamber, 
the analysis chamber and the room temperature STM chamber. Samples and tips can 
be loaded through a fast-entry load lock attached to the preparation chamber. The 
layout of the system is shown in figure 3.8. 
1. Analysis Chamber 
2. Preparation Chamber 
3. ~ o b m  temperature STM 
chamber 
4. Fast entry load lock 
5. Bench Assembly 
6 .  Gate Valve (pneumatic) 
7. Gate Valve 
8. All metal Angle Valve 
9. Turbo Molecular Pump 
10. Titanium Sublimation 
Pump 
1 1. Manipulator 
12. Wobble Stick 
13. Magnetic Transfer Rod 
14. Heater Assembly 
Figure 3.8: Diagram of UHV system showing the (a) top, (b) side and (c) side views [6]. 
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3.2.4 STM Samule Holders 
Sample holders for the STM were purchased from Omicron Vacuumphysik 
[61. They are manufactured from tantalum and have a keyhole at the front so they 
can be captured and moved within the UHV system. The sample holder allowed for 
direct current heating of the sample. 
Wigure 3.9: The STM sample holder 
7.2.5 Vibration Isolation 
Vibration isolation is crucial when imaging with the STM. To minimise 
external noise the STM head must have a high resonance frequency and be small, 
light and rigid in design. The STM should also be mounted on a spring vibration 
isolation system. An eddy-current damping system is also used in conjunction with 
the spring system. The spring system and the eddy-current damping system used in 
the Omicron VT-STM are shown in figure 3.10. 
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pring system: consisting 
of four opposite springs 
helping to dampen the 
external vibrations 
Eddy-current 
damping system 
Figure 3.10: Picture of the STM showing the spring damping system and eddy current damping 
system [7]. 
3.2.6. STM Experimental Setup 
The STWSTS experiments were performed at room temperature in an ultra- 
high-vacuum (UHV) system consisting of an analysis chamber (with a base pressure 
of 2x10." mbar) and a preparation chamber (5x10." mbar). STM images were 
recorded in constant current mode. The voltage V,,,,I, corresponds to the sample 
bias with respect to the tip. The Si(ll1) substrate was p-type boron-doped with a 
resistivity in the range 0.1 - 1.0 Rcm. Atomically clean Si(111)-(7 x 7) surfaces 
were prepared in the usual manner by in situ direct current heating to 1520 K after 
the samples were first degassed at 870 K for 12 hours. The clean Si(ll1)-(7 x 7) 
surface was checked by low-energy electron diffraction (LEED) and STM before 
preparation of the Ag/si(lll)-(43 x -\j3)~30" surface. Silver (Goodfellow Metals) 
was deposited by e-beam evaporation from a molybdenum crucible onto the Si 
substrate, which was maintained at 770 K during the deposition. The cleanliness of 
the Ag/Si(lll)-(43 x 1/3)~30" surface was verified by STM and LEED before 
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phthdocyamne deposition. CuTTBPc (Aldrich Chemicals) was evaporated in the 
preparauon chamber, isolated from the STM chamber, at a rate of about 0 2 ML 
(monolayer) per minute from a tantalum crucible in a homemade deposition cell 
operated at a temperature of approximately 600 K. The total pressure during 
phthalocyanine deposition was in the mbar range. Before evaporaaon the 
phthalocyanine powder was degassed for about 12 h to remove water vapour. 
Tunnelling spectra were acquired on a grid of specified points within an 
image. At each point where an I(V) spectrum was recorded, the scan was interrupted 
during imaging. The feedback loop was switched off and a voltage ramp was applied 
after a short delay time in order to allow stabilisation of the current preamplifier. In 
between these points the feedback was on and the STM operated in constant current 
mode. While recording I(V) spectra it was ensured that current measurements did not 
exceed the dynamic range of the current preamplifier. Before and after I(V) spectra 
acquisition the quality of the surface was verified by STM imaging in order to check 
that no damage was done to the measured layer during acquis~tion of the I(V) 
spectra. Data was averaged over 2,500 spectra per image. 
3.3 Atomic Force Microscopy 
3.3.1 The Atomic Force Microsco~e 
A Digital Instruments Dimension 3100 AFM was used for imaging substrates 
produced by the LB technique. Information regarding surface coverage, surface 
roughness and monolayer he~ght can be established through analysis of AFM 
images. A tapping mode tip is mounted on a tip holder and the holder is placed on 
the end of a scanner tube constructed from piezoelectric material which expands and 
contracts in proportion to an applied voltage. Within the tube there are three 
electrodes for motion along the X, Y, and Z axes. In the Dimension 3100 AFM the 
sample remains stationary while the tube scanner rasters the tip across the sample 
surface The Dimension 3 100 AFM has a maximum travel of 6pm in the Z direction 
and 90pm in the X and Y direction. Light, with a wavelength of 670nm, is emitted 
from a semiconductor diode laser down the center of the scanner tube [S]. The light 
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is aligned to the back surface of the cantilever and the reflected beam is focused onto 
a quadrant photodiode detector. Vibration isolation is vital when imaging so the 
AFM is mounted on a vibration isolation table which suspends the AFM stage by 
using nitrogen gas at a pressure of 4 bar in four pistons. The AFM is pictured in 
figure 3.1 1. 
Figure 5.11: >etup ot the AMM where (a) e the integrated vibration isolation table, (b) the 
camera adjusters, (c) the photodetectors adjusters, (d) the laser light adjusters, (e) the vacuum 
switch, (0 the scanner tube, (g) the tip holder and (h) pistons. 
3.3.2 AFM Feedback Svstem 
Due to the displacement of the cantilever during scanning one half of the 
photo diode (either A or B) may receive more light than the other. The difference 
between the photodiode signals divided by their sum produces an output signal 
proportional to the cantilever deflection. The feedback loop for the tapping AFM 
acts to maintain a constant amplitude during operation and the Z position of the 
scanner is adjusted accordingly. The feedback loop for the AFM in tapping mode is 
shown in figure 3.12. 
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A and B 
Figure 3.12: The feedhack loop for the AFM in tapping mode. 
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3.3.3 AFM Probes 
The silicon nitride tapping mode cantilevers, figure 3.13, were purchased 
from Olympus Optical Co , Ltd. They had resonant frequency of approximately 300 
kHz and a spring constant in the range of 38-49 Nlm. 
Figure 3.13: Silicon nitride tapping tip used in the AFM. The tip can be seen here at the end of 
the cantilever [91. 
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Experimental Setup 
In tapping mode the cantilever is tuned to its resonance frequency before it 
approaches the surface. A voltage is applied to the piezoelectric, which oscillates the 
cantilever, and the tip is scanned through the resonance frequency while the 
amplitude is monitored. For a functioning tapping mode tip the response curve has a 
Lorentzian shape. The phase difference between the piezoelectric crystal and the 
laser light reflected from the tip (amplitude) is also monitored. It is found that the 
maximum amplitude occurs when there is a phase difference of 90' between these 
two signals. Figure 3.14 shows a plot of the amplitude and phase difference as a 
functlon of the drive frequency. At the resonance frequency the slope of the response 
curve is close to zero and this gives a low sensitivity. For this reason experiments are 
canied out with the drive frequency offset to sensitivity For the tapping tips used to 
Image the LB films the resonance peak was found to lie in region of 282-305 kHz. 
Figure 3.14: An example of a cantilever tune in tapping mode. 
3.3.4 Scannine in Taa~ing Mode 
Samples were mounted on the stage and held in place using a vacuum chuck. 
An optical microscope was used to focus on the surface and the tip was brought to 
wlthin a lmm of surface. It was possible to select a region of interest on the surface 
by moving the sample with a motorised stage. Once an area of interest was found the 
tip was brought into contact w~th the surface. The cantilever was stepped slowly 
towards the surface while oscillating. Changes in the oscillation amplitude of the 
cantilever indicated an interaction with surface. 
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During scanning the tip lightly taps the surface and a constant oscillation 
amplitude is maintain by the feedback loop. The scanner moves the tip m the vertical 
direcuon to ensure the amplitude is maintamed and in doing so a topographical 
image of the surface is formed. By altering the amplitude setpoint it is possible to 
change the force exerted by the tip A minimum force was required for imaging the 
LB films. As the tip scans across the surface the height of surface may change 
significantly. The feedback loop maintains a constant deflection signal by adjusting 
the height of the piezo tube. When the tip encounters high surface features the tip is 
hfted. The tip overshoots and the response to this overshoot is related to the 
proportional gain. Ideally the proportional gain should be set high but not so high 
that it will feed noise into the signal. If the gains are set too high it can cause the 
piezoelectric scanner to oscillate. The integral gain controls the response of the 
cantilever as it travels over topographical features. As with the proportional gain the 
integral gain should also be set high. Typical values for the integral and propor@onal 
gains were 0.5 and 0.7 respectively for tapping mode operation. 
Images were typically taken with a scan rate of 1 Hz and a scan size of 5pm. 
Maximum resolution was achieved by setting the number of lines per image to 512 
and the number of samples per line to 512. 
3.4 Spectroscopic Elli~sometery 
3.4.1 Descriation of the Elliasometer and Exoerimental Setua 
A Jobin-Yvon Horiba, WISEL ellipsometer consisting of a Xenon light source, 
polariser, sample stage, piezo-electric modulator (PEM), analyser, monochromator, 
photomultiplier tube (PMT) and data acquisition unit was used for this research. The 
Xenon light source provides a broad spectral range form FUV (190 nm) to NIR (1.7 
pm). a photograph of the Job~n-Yvon Horiba, WISEL spectrometer 1s shown in 
figure 3 15 and a schematic of the apparatus is shown in figure 3.16 
The angle of incident of the incoming beam can be varied between 55- 
75".Measurements were taken at an angle of 70°, however some variable angle 
spectroscopic ellipsometry scans (VASE scans) were also taken in the range of 55- 
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75" with a step size of 5" to check the goodness of fit for the mathematical model. 
Delta-Psi software Version 2 was used for all data analysis. The calibration of the 
ellipsometer is fully automatic and controlled by the computer software. 
Figure 3.15: The setup of the ellipsometer where (a) is the PEM and analyser (which is linked to 
a monochromator), (b) is the sample stage and (c) is the polariser attached to an Xe lamp. 
Xe Lamp Analyser 
Figure 3.16: A schematic of the spectroscopic ellipsometer. 
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The incident beam was aligned on the sample and had a width of 1.5mm. The 
sample stage was levelled to ensure that a maximum signal was received by the 
detector. Experiments were carried out in the wavelength range of 300 - 1,000 nm. 
The number of accumulations was 1 and the integration time was 500 ms. 
3.5 XPS Experimental Setup 
3.5.1 Svnehrotron Radiation 
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FigurQ.17 The emission of synchrotron radiation. 
Synchrotron radiation is emitted when charged particles moving at 
relativistic speeds are forced to follow curved trajectories, figure 3.17. The first 
visual observation of Synchrotron Radiation was in 1948 from the General Elechic 
synchrotron in the USA during investigations into the design and construction of 
accelerators suitable for the production of very high-energy electrons. Over the next 
50 years an explosive growth in the building of accelerators optimised for 
synchrotron radiation production has turned this interesting radiative energy loss into 
a valuable research tool [7]. 
The radiation emitted is extremely intense and extends over a broad 
wavelength range from the infrared through the visible and ultraviolet, and into the 
soft and hard X-ray regions of the electromagnetic spectrum. This is the energy 
range of radiation used in photoemission. Synchrotron radiation sources produce x- 
ray radiation which is of the order of lo6 times more intense than that of 
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conventional light sources and are in addition continuously tuneable. A schematic 
diagram of the synchrotron ring at the Daresbury Laboratory is show in figure 3.18. 
Figure 3.18: Synchrotron ring at Daresbury Laboratories [lo]. 
Although the storage ring itself is under ultra high vacuum, electrons are removed by 
collisions with gas molecules so the beam current decays over time. The required 
radiation frequency is selected using a monochromator. The broad range of available 
frequencies means that synchrotron radiation is suitable for a wide range of 
experiments. 
Not only does synchrotron radiation have high intensity but it is almost linear 
polarised in the plane of the storage ring as opposed to the unpolarised light from 
UV and X-Ray sources. Electrons in the synchrotron ring are "bunched" so the 
radiat~on will come as short pulses a few nano seconds long, which is useful for 
timing experiments. 
3.5.2 Monochromator and Grating 
Photoemission spectroscopy experiments require well-defined photon 
energies. The "white" synchrotron radiation must be monochromatised before 
entering the experimental chamber. 
Chapter 3 Experimental Setup 
r I 
- Folding Mirrors 
Exit Slit 
I To Chamber 
Entrance Slit 
Torroidal 
Gratings 
Figure 3.19: Layout of the monochromator 
A reflection diffraction grating consists of a reflecting surface with a periodic 
array of lines separated by a distance d. If polychromatic light is incident on the 
grating at an angle of incidence, a and the exit slit is located at an angle P to the 
grating, the grating equation 
n k  d(cosa-cosp) (3.1) 
determines the wavelength passing through the slit. The first order light (n=l) is 
more intense than the higher order components and is therefore mostly used in 
experiments. The DL4.1 beamline has a spherical grating monochromator containing 
three gratings. The monochromator has a usable photon energy range from 30 eV to 
400eV. Typical flux values are more than 10'' photons per second at 130 eV with 50 
pm slits and are greater than lo9 photons per second at 350 eV with 100 pm slits. 
3.5.3 The Electron Enere Analvser 
The energies of the ejected photoelectrons are analysed using a SClENTA 
SES2OO electron energy analyser which permits fast acquisition of spectra with 
high-energy resolution, typically 100 meV for spectra taken at the excitation photon 
energy of 60 eV. A schematic of the system is shown in figure 3.20. An electrostatic 
field is applied between the inner and outer hemispheres. Electrons with an energy 
equal to the pass energy that are injected through the entrance slit are transferred 
from the entrance slit to the detector. The potential difference between the 
hemispheres determine the pass energy. A lens is used to transfer the electrons from 
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the sample to the entrance slit and the energy resolution is determined by the radius 
and width of the slits at the analyser entrance [ll] 
Hemispheres 
F~eld termination net 
Micro channel plate 
Lens Elements. 
Retarding Fluorescent Screen 
CCD Camera 
t e- 
Figure 3.20: Diagram of SCIENTA spectrometer. 
3.6 Near Edge X-ray Absorption Fine Structure 
3.6.1 NEXAFS Experimental S e t u ~  
The NEXAFS experiments described in this thesis were carried out on the 
SX700 beamline at ASTRID storage ring in Aarhus, Denmark. The experimental 
station is used primarily for surface science experiments due to the 20-700 eV 
energy range. The estimated photon-energy resolution at the N 1s (-400 eV) and C 
1s (-290 eV) absorption thresholds was better than 200 meV and 150 meV, 
respectively. A SCIENTA energy analyser was used. The layout of the SX700 
beamline is shown in figure 3.21. The spectra were normalised to the incident 
photon flux monitored by a gold grid. 
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Figure 3.21: Layout of SX700 beamline. 
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Chapter 4 Langmuir-Blodgett Results 
A Studv of Thin Films, containing AA and CuT'B'BPc, 
produced via the LIB Technicaue 
Chapter 4 reports the findings of LB films produced using pure AA, pure CuTTBPc 
and mixed films of AA and CuTTBF'c. AA films were grown to gazn familiarity with 
the LB technique and experience in the interpretation and analysis of isotherms. A 
range of films were produced and, as predicted, were Y-type in configuration. A 
study was undertaken to investigate i f  changes in dip speed, pH or drying times 
between layers would affect the film quality. CuTTBPc exhibited strong aggregation 
which made the synthesis of smooth monolayers a cumbersome task. AA was 
incorporated into the CuTTBPc monolayer in dzffering molar ratios to try and 
reduce aggregation and improve film quality. A range of films were grown using a 
1.1 molar ratio of CuTTBPc:AA. The transfer ratios would suggest that the films 
were Y-type in structure iltdicating that deposition was occurring on both the up- 
and downstroke. Further studies on the film quality, using molar ratios of 1:2 - 1.10 
CuTTBPc:AA and 2:l - 8:l CuTTBPc:AA, were also undertaken. A series of 11 
layer films were produced and in general it was found that the aggregation reduced 
as the amount of AA was increased. 
4 Langmuir-Blodgett Films 
4.1 Arachidic Acid LB Films 
A vast amount of work spanning from 1939 [I] the present day [2]-[14] has 
been carried out on the Arachidic Acid (AA) molecule in the field of LB research. 
AA has a simple structure wlth very distinctive hydrophobic and hydrophilic 
properhes. Such characteristics make this molecule suitable for first time users of the 
LB trough. A monolayer of AA will clearly exhibit the phase changes the monolayer 
w~l l  undergo upon compression. Through working with such a simple molecule 
valuable experience is gained in the manipulation of monolayers and the 
inteqxetatlon of isotherms. Experience is also gained in observing the behaviour of 
Chapter 4 Langmuir-Blodgett Results 
the meniscus during film deposition, the effect of tweaking dipping parameters (such 
as dip speed, drying times etc.) and reading transfer ratios. These basics slulls can 
then be applied when working with more complicated molecules. Sections 4.1.1 and 
4.1.2 report the findings of work camed out in this research using AA. 
4.1.1 Arachidic Acid Isotherms 
Arachidic Acid (AA) was used on the Nima 2022 Model. A lmglml solution 
of AA in chloroform was prepared and 50 pL of the solution was spread dropwise on 
the subphase using a Hamilton syringe. After each drop was spread the pressure 
reading Increased from 0 mN/m to 0.2-0.4 mN/m and thereafter returned to zero as 
the chloroform evaporated. Any traces of excess chloroform evaporated upon 
leaving the monolayer to rest for five minutes before beginning compression of the 
film. This time delay also gave the molecules a chance to order on the surface. 
Compression of the AA monolayer was carried out at a speed of 10 cm2/min and the 
isotherm obtained showed three very distinct regions where the molecules were in 
the gas, liquid and solid phases respectively. On the initial compression of the 
monolayer the molecules began a phase transition from the gas phase to the liquid 
phase at approximately 27.5 A2/molecule. Continued compression of the monolayer 
resulted in a steady increase in pressure Indicating that the molecules are moving 
closer together. Figure 4.1 shows a single isocycle of the monolayer. 
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I I 
Figure 4.1: Showing a single compression (black) and expansion (red) of AA on an ultrapure 
water subphase. The gas, liquid and solid phase can clearly be identified. A slight kink in the 
isotherm at approximately lOmN/m may be a result of the molecules rearranging on the 
surface. However, the molecules still remain the liquid phase at this pressure. 
An Example of an Isotherm obta~ned for AA 
The molecules were still considered to be in the liquid phase up to a pressure of 
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pressure and the molecules entered the solid phase. Isotherms similar in shape and 
showing the different phases have been obtained by other groups [6,7,9,10,13- 
Area per Molecule, A2 per Molecule 
141.When comparing these isotherms one will see that the areas at which phase 
transitions occur and the limiting area per molecule (LAM) differ slightly in various 
publications [6,7,9,10,13-141. LB films are sensitive to humdity, temperature 
change and pH. The nature of the subphase will also determine the shape and the 
position of phase changes in an isotherm. These factors were taken into 
consideration when obtaining and interpreting the data. The LAM was calculated by 
extrapolating a straight line to the x-axis. Figure 4.2 shows the determination of the 
LAM for AA at a pressure of 20 mN/m on ultrapure water. Note the LAM can also 
be calculated by extrapolation from the target pressure to the x-axis. 
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1 L~mlting Area Per Molecule for AA I 
Figure 4.2: The 
to the x.axis. 
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LAM in the above isotherm is 26.93 mN/m. This is calculated by extrapolation 
Isocycles were used to check the reproducibility of isotherms. The 
monolayer was continuously compressed and expanded at a constant speed to a 
controlled pressure. Due to the constant compressions and expansions the molecules 
packed closer together and eventually the isotherm for one isocycle was be almost 
identical to that of the next. Molecules which do not aggregate should produce 
Identical 1sotherms.When canying out isocycles with AA the maximum pressure to 
which the monolayer was compressed was 45 mN/m. This is to ensure that the 
monolayer does not collapse. The collapse pressure for AA was found to lie between 
60-65 mN/m. A similar collapse pressure was found by T. Kajiyama et. al. [6].  
4.1.2 A Study of the effect of Subphase, pH, Dipping Speed and Drying Times 
A study of how the subphase pH, the dipping speed and the drying time 
between layers was undeaaken by Diaz et. a1 1121. Measurements were made as to 
how changes in these parameters influenceed the transfer ratios of the LB films. 
Three different types of fdms can be produced using the LB technique; they 
are namely X-, Z- and Y-type. X-type films are produced when deposition occurs 
predominately occurs on the downstroke. Z-type films are a result of deposition 
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occuning predominately on the upstroke and Y-type are a result of deposition 
occuning on both the downstroke and upstroke. High pH values and the film loosing 
its ability to deposit on the upstroke, for example due to slow dipping speeds, result 
in the formation of X-type films. Occasionally molecular rearrangement may take 
place if the film is held under water. The outer layer of the film will become 
hydrophobic meaning deposition will occur on the downstroke. This is another 
reason for the formation of X-type films. S. Evenson et. al. [8] observed this 
phenomenon when synthesising AA films a CdClz subphase. Z-type films occur 
when water is entrained on the outer layer of the film as it is raised out of the 
subphase. By not giving the outer layer of the film sufficient time to dry deposition 
will not occur successfully on the downstroke. The layers will therefore deposit on 
the upstroke giving the film an over all 2-type structure [12]. In a separate study by 
Diaz et. al. and Cerro et. al. [15] water entrainment was found to exist in films of 
A.4 films produced on a ZnS04 subphase. This entrainment was shown to have an 
effected on the contact angle and transfer ratios. 
Using a CdC12 subphase, Diaz and Johnson [21] observed how dipping 
speeds, pH changes and drying times can influence the type of film produced. They 
found that by dropping the pH from 6.8 to 5.5 to 4.5 the film changed from X-, to Z- 
to Y-type, respectively. At a pH of 5.5 it was found that variations in dipping speed 
can influence the type of film produced. Y-type films were produced at speeds of 3, 
19 and 33 d m i n  but when the speed was increased to 65 mmlmin a Z-type film 
was produced as a result of the water entrainment between layers. By allowing the 
layers to dry between depositions the film reverted back to Y-type. 
In this work an experiment, similar to that of Diaz et. a1 [12] was performed. 
50pL of a lmglml solution of AA in chloroform was spread on an ultrapure water 
subphase, with a pH of 6.2. The layer was compressed at a speed of 10 cm2/rnin to a 
target pressure of 23.5 rnN/m. Films were then deposited onto a HMDS hydrophobic 
glass slide using a dipper speed of 20 mmlmin. A range of films of various 
thicknesses were produced for which the drying time where the film was held above 
the surface after each dip was varied. The delay time below the surface was also 
varied to monitor how these time delays affected the transfer ratio. In total eight 
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films with a thickness of 2, 4, 6, 12, 14, 16, 24 and 34 layers were synthesised. The 
2,4,6,24 and 36 layer films were held for 1 minute above the subphase with no delay 
below the subphase,while the 12, 14 and 16 layer samples where held for 2 minutes 
above the suhphase and 1 minute below. 
Ideally the transfer ratio for each layer should be 100%. In reality this is 
rarely the case. Many factors can contribute to the transfer ratio being above or 
below 100%. The meniscus travels in the direction of the dipper, that is to say that if 
the dipper is traveling downwards then the nleniscus will curve downwards and if 
the dipper is traveling upwards the meniscus will point upwards. The change in the 
meniscus direcaon is responsible for the transfer ratio differing on the downstroke 
compared to the upstroke. For this reason all the downstroke transfer ratios should 
be similar to each other and all upstrokes should, likewise, be similar. A good 
example of this can be seen In figure 4.3 for the 24 layer AA film, where the filled 
squares denote the transfer ratios on the downstroke and the open squares denote the 
transfer ratios on the upstroke. The average transfer ratio was 99.15% on the 
downward stroke and 118.10% on the upward stroke, indicating that the film was Y- 
type. In this example the average for the downward stroke was close to the ideal 
value, however the average value for the upward stroke was higher than expected. A 
transfer ratio over 100% indicates a layer collapsing on itself as it deposits. This can 
be a result of the target pressure being too high [16]. It was not possible to program 
the bath to have a different target pressure on the downward and upward strokes 
Although the transfer ratio on the upwards stroke averages to 118 10% this was not a 
serious problem as the layers were depositing successfully. The average transfer 
ratio for the 2, 4, 6, 24 and 34 layer samples were 110.00%, 100.00%, 105.34%, 
108.63 and 108.12%, respectively. 
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Figure 4.3: An example of the transfer ratios obtained for the 24 layer sample. Note how the 
difference in the transfer ratios for the upstroke compared to the downstroke. 
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The waiting times were then changed for 1 minute above and zero minutes below to 
2 minutes above and 1 minute below to see if this would impact on the transfer 
rafios. Three films, with thicknesses of 12, 14 and 16 layers, were grown under these 
conditions. The 12, 14, and 16 layer samples gave average transfer ratios of 
104.78%, 102.60% and 94.35%. These values were close to those obtained in the 
previous experiment. This indicates that changes in the waiting times had no 
significant affect on the transfer ratios obtained for these Y-type films. 
The pH of the subphase was then systematically altered by the addition of 
concentrate HCl, to investigate its influence on the transfer ratio. The dip speed was 
20 mmlmin, the monolayer compression speed was 10 cm2/min and the waiting time 
between layers was 1 minute above the subphase and zero minutes below. pH 
values of 2.9, 3.5, 3.7, 4.2 and 5.1 were used. A plot of the transfer ratios, for a 
series of films of different thickness, as a function of pH is shown in Figure 4.4. All 
films are Y-type. For each film produced, one layer partially peeled off causing a 
drop in the transfer ratio. This occurs at a different value of the thickness for each 
film. For pHs of 3.5, 3.7 and 5.1 the peeling occurs on the downstroke while it 
occurs on the upstroke when the pH is 2.9 and 4.2. This peeling could be an effect of 
0 .  . , . , . , . , . I 
0 5 10 15 20 25 
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molecular reorganisation, similar to that observed by Diaz et. al. [12]. For the films 
produced at pHs of 3.5, 3.7 and 5.1 it was possible that they started off as Y-type, 
reordered to Z-type (because deposition partially failed on the downstroke) and then 
switched back to Y-type. This reorganisation could be a result of water entrainment 
[12]. For the films produced at a pH of 2.9 and 4.2 the film appeared to start off as a 
Y-type, reordered to X-type (because deposition partially fails on the upstoke) and 
then continued as a Y-type. Films tend to be X-type in nature if they reorder under 
water resulting in the film becoming hydrophobic and only depositing on the 
downstroke if the pH is high [8]. Kumaz et. al. [7] found that changes in pH lead to 
the formation of pinhole defects in the film. This will be discussed in more detail in 
the AFM section. 
A plot of transfer ratios at d~fferent pH values 
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Figure 4.4: A plot of the target pressures over a pH range of 2.9 to 5.1. 
The dipper speed during deposition can also play a crucial part in how the 
monolayer deposits. If the dipper is traveling too fast the monolayer may not have 
time to deposit fully, on the other hand if it is traveling too slow the monolayer may 
collapse on itself as it depos~ts. Experiments were carried out on an ultra pure water 
subphase with a pH of 6.2. 50 pL of lmglml AA/chlorofonn was spread on the 
surface and the layer was compressed to a with a speed of 10 cm2/min. Films with a 
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thckness of 12 layers were deposited onto HMDS hydrophobic glass as the dip 
speed was varied over a range of 10, 15, 20 and 30 mmlmin. The results of the 
expenment are shown in figure 4.5. 
Transfer ratios at different dip speeds 
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-- 
Figure 4.5: A plot of the transfer ratios versus the number of layers when varying the dip speed. 
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The graph shows that a dip speed of 30 cm2/min was too fast as the transfer ratios 
lay around 80%; contrary to this a dip speed of 10 cm2/min was too slow as the 
transfer ratios lay above 100%; The optimum d ~ p  speed was between 15 cm2/min 
and 20 cm2/min. This experiment was a good example of how the downstroke and 
upstroke transfer ratios should be similar to each other. Note how there was no layer 
peeling in this experiment compared to the pH experiment. The films were perfect 
Y-type films. 
As a final experiment, 12 layer films were produced on HMDS treated glass. 
The dip speed was 20 d m i n  and the compression of the monolayer was 10 
cm2/min. 50 fl of AA in chloroform was spread on the surface and the drying time 
between layers was altered to monitor any significant changes in the transfer ratio. 
The substrate was held above the subphase anywhere from zero to 6 minutes while 
there was no delay below the subphase. From figure 4.6 it can be seen that the 9" 
layer (where the substrate held for 5 minutes) and 1 0 ~  layer ( where the substrate 
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held one minute) did not follow the general trend of the graph. These layers seem to 
have deposited poorly in a random fashion. Despite this the overall deposition is 
satisfactory. 
I Affect of Drying time between layers I 
I Number of Layers 1 
Figure 4.6: A plot of the transfer ratios verses number of layers. The time the substrate was 
held above the subphase was altered to monitor chances in the transfer ratio. 
The best results were obtained by holding the dipper 4 or 5 minutes. Here the 
transfer ratio is approximately 102%, while for a waiting time of between 1 and 3 
minutes the transfer ratio were in the range of 89 to 92%. Since holding the dipper 
for 4-5 minutes was time consuming and offers no vast improvement in film quality 
it was felt that holding the dipper by 1-2 minutes would be sufficient in producing 
LB films. 
The above results show how varying the experimental parameters can 
influence the film quality. The changes due to these parameters were considered 
when optimising the quality of the CulTBPc films. 
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4.2 LB Films of Pure CuTTBPc and mixed CuTTBPc:AA 
In recent years interest has grown in use of phthalocyanines (Pcs) in the 
synthesis of LB films. They have attracted considerable attention in the field of 
photoconductors, electronic devices and gas sensors [17]. In particular CuTTBPc has 
been studied, due to its chemical and thermal stability [17], however, aggregation of 
the CuTTBPc molecules is a problem when trying to produce smooth molecular 
films. It has been found that the incorporation of fatty acids, such as arachidic acid, 
stearic acid, can reduce aggregation to some degree and in general improve film 
quality [17- 201. Baker et. al. [2l]were the first to study films of pure CuTTBPc and 
slnce then research continues in LB films of pure CuTTBPc films and mixed 
CuTTBPc films. 
4.2.1 Pure CuTTBPc LB Films 
For this study all films containing CuTTBPc were produced with the Nima 
312D trough. LB films were prepared by spreading 50 pL of a 0.5 mglml solution of 
CuTTBPc in chloroform on ultra pure water. All experiments involving CuTTBPc 
were canied out at a target pressure of 20 mN/m with a compression speed of 10 
cm2/min. A typical isotherm is shown figure 4.7. In comparison to the isotherm for 
AA there was no clear distincbon between the liquid and solid phase and no obvious 
collapse of the monolayer could be seen, unlike the AA isotherm where there was a 
sharp drop in pressure at the point where film collapse occurs. For CuTTBPc it was 
not possible to run isocycles due to aggregation of the molecules within the 
monolayer, an example showing the aggregation hysteresis of the CuTTBPc 
monolayer is found in [22]. Isotherms similar in shape to that in figure 4.7 have been 
obtained by other groups [17]- [19]. The estimated limiting area per molecule 
(LAM) of the pure CuTTBPc monolayer was calculated to be 44 A2 per molecule. 
This value was in good agreement with those reported by Lee et. al.[22] (42 A2 per 
molecule), Ku et. al. [I71 (52 A2 per molecule) and Emelyanov et. al. [23] (66 A2 
per molecule). The vanation in the LAM values reported by different groups was 
attributed to the degree of aggregation within the individual monolayers [17][22]. It
was also found that PC molecules are sensitwe to external conditions such as pH and 
Chapter 4 Langmuir-Blodgett Results 
temperature [24] with slight variations in these parameters giving different LAM 
values. The collapse of the monolayer occurred at a pressure of -50 mN/m. The 
surface pressure continued to rise even after the monolayer had collapsed. This was 
attributed to the lack of amphiphilic characteristics within the CuTTBPc molecule 
~171. 
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Figure 4.7: The isotherm obtained for pure CuTTBPc on ultrapure water at a compression 
speed of 10 cm2/min. 
Two 12 layer CuTTBPc LB films were synthesised at a dipping speed of 
Smmfmin and target pressure of 20mNlm on plasma cleaned hydrophilic silicon for 
analysis with X P S  and NEXAFS. One film had 12 layers deposited continuously 
onto the substrate. The other film had one layer of CuTTBPc which was allowed to 
dry on a hotplate at 60°, for 1 hour, before the next 11 layers were transferred. The 
transfer ratios for both 12 layer films were low (400%) indicating poor coverage. 
Figure 4.8 gives the transfer ratios for the 11 layers which were deposited on top of 
the dried layer. The poor transfer ratios could be attributed to a number of reasons 
but aggregation was the most likely cause. It appeared from the transfer ratios that 
both films of pure CuTTBPc were Y-type because deposition is roughly equal on 
both the up and downstrokes. However, Emelianov et. al. [20] found that pure 
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CuTTBPc films were Z-type, inbcating poor deposition on the downstroke but with 
the incorporation of AA into the monolayer they were able to achieve Y-type films. 
11 layer f~lm of pure CuTTBPc 
80 I 
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0 2 4 6 8 10 15 
Number of Layers 
Figure 4.8: An example of the transfer ratios for a Y-type pure CuTTBPc fdm. 
A. V. Nabok et. al. [25] stated that the tilt angle of a molecule in a floating 
monolayer could be calculated using the following equation 
and the hckness of the floating monolayer, d ~ ,  could be calculated using 
d, =IlsinO+I,cosO (4.2) 
where 0 is the tilt angle relative to the subphase surface, 11 and 12 are the length and 
width of molecule, respectively, 13 is the through plane width of the molecule and A 
1s the limiting area per molecule. T. Wada et. al. [26] gave the dimensions of the 
CuTTBPc molecule to be 11 = 12 = 2.17 nm and 13 = 1.54 nm. Using these values the 
tilt angle and thickness were calculated to be 49.42" relatlve to the subphase surface 
(or 40.58" relative to the normal) and 2.65 nm, respectively. These values were only 
rough estimates as they refer to the floatmg and not the transferred monolayer. More 
rellable and accurate techques such as XPS and NEXAFS were used to determine 
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the tilt angle of CuTTBPc in the 12 layer LB film of pure CulTBPC, while AFM 
and ellipsometry was used to calculate thickness 1n the mixed LB films of 
CuTTBPc:AA. 
4.2.2 LB Films of 1:l Molar Ratio of CuTTBPc:AA 
In an attempt to overcome the aggregation problem a 1:l molar raQo of 
CuTTBPc:AA was prepared by mixing appropriate volumes of a 1 mglml AA 
solution in chloroform with a 1 mglml PC solution in chloroform. This was 
previously found to reduce aggregation [17][18][20] but it should be noted that even 
within the mixed film of CuTIBPc:AA highly aggregated domains of CuTTBPc still 
exist [18]. Films ranging in thickness from 1 monolayer to 21 monolayers were 
grown and studied by ellipsometry (section 5.2) to provide an independent 
determination of the film thickness. It was found that deposition can be greatly 
improved by allowing the first layer to dry fully before proceeding with adbtional 
layers [18][20][27]. For the films examined here, the first layer was deposited and 
the substrate was then placed on a hotplate and allowed to dry for one hour at 60" C. 
Compared to previous experiments th~s drying did have a positive influence on the 
deposition of subsequent layers. An experiment was camed out to determine if 
holding the substrate above the subphase resulted in an improvement in the film 
quality. The 1, 3 and 5 ML films were held above the subphase for 1 minute as the 
layers were deposited. This showed no marked improvement in the transfer ratios so 
the remaining films (7-21 ML) were not held above the subphase. 
The shape of the isotherm obtained for the 1:l molar solution of 
CuTTBPc:AA was in good agreement what that found by Sheu et. al. [18] In figure 
4.9 the isotherm for this work showed characteristics of both of the CuTTBPc 
isothenn and the AA isothenn. There did however seems to be a difference in the 
LAM which changed from 44 A2 per molecule for the pure CuTTBPc to 79 A2 per 
molecule for the mixed 1:l molar ratio of CuTTBPc:AA. Sheu et. al. obtiuned a 
value of approximately 50 A2 per molecule for 1:l CuTTBPc:AA. This increase in 
area indicated that the AA reduces the aggregation of CuTTBPc in the monolayer. 
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These differences in the LAM values may have been a result of slight variations in 
experimental procedures or external conditions (pH, temperature etc.). 
For the 1:l CuTTBPc:AA monolayer it appeared that two collapse pressures 
existed. Emelianov et. al. [19] proposed that the mixed monolayer consists of AA 
molecules with domains of CuTIBPc clusters dispersed throughout the monolayer. 
Therefore two collapse pressures should be found in isotherms of mixed 
CuTTBPc:AA monolayers. The first collapse was found to occur at approximately 
40 W m .  This was close to the value of 50 mN/m obtained for the collapse of the 
pure CuTTBPc monolayer. The collapse pressure of a pure AA monolayer was 
around 60 mN/m. It could be seen that after the collapse at 40 mN/m the pressure 
rose steadily to a second collapse at 60 mN/m. As the bamer moved in and 
compressed the monolayer the non-amphill~c CuTTBPc molecules could be easily 
compressed out of the monolayer leaving just AA molecules on the surface. Further 
compression of the monolayer would therefore exhibit characteristics of an AA 
monolayer [I 91. 
1 Isotherm for a 1 . I  molar ratio solution of CuTTBPc:AA 
Area per Molecule, A* per Molecule 
Figure 4.9: Isotherm for a 1:l molar ratio solution of CuTTBPc:AA. 
From the transfer ratios of the 1-21 ML 1:1 CuTTBPc:AA films it was 
determined that most of the films were Y-type but that they were of poor quality, as 
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indicated by the relatively low transfer ratios. Emelianov et. al. [20] also found that 
films of CuTTBPc:AA were Y-type 1n structure. Interestingly, the 17 and 19 layer 
films appeared to be Z-type. Both films had a much higher transfer ratio on the 
upstroke in comparison to the downstroke. No explanation can be given for this as it 
was assumed that they would deposit in a similar fashion to the other films. 
Table 4.1 summaries transfer ratios obtained for the 1-21 ML films of 1:l 
CuTTBPc.AA. No systemahc trend was observed from the transfer ratios. 
Table 4.1: The average transfer ratios for the 1-21 ML films of 1:l CuTTBPc:AA. In general 
the average upstroke and average downstroke are less than 100% indicating a poor surface 
coverage. From the transfer ratios it appears that the films are Y-type with the exception of the 
17 and 19 layer films which appear to be 2-type. 
4.2.3 Variation of the Molar Ratio of AA in CuTTBPc:AA 
Different molar ratios of CuTTBPc:AA were studied to examine the effect of 
AA concentration on the shape of the isotherm and on the transfer ratios. Films were 
produced at a dipping speed of 5mm/min and target pressure of 20mN/m. The 
isotherms for 1:2, 1:3, 1:4, 1:5, 1:6, 1:7, 1% 1:9 and 1:10 molar ratio solutions of 
CuTTBPc:AA are shown in figure 4.10. The isotherms showed characteristics of 
both the pure AA and CuTTl3Pc films. Since the monolayers contained more AA 
than CuTTBPc the isotherms showed clear characteristics of the AA isotherm with a 
v~slble conversion from the liquid to solid phase in the range 27-37 A2 per molecule. 
As with isotherms for pure AA the liquid to solid phase transition occurred at 
approximately 25 mN/m. Characteristics of the CuTTBPc isotherm were also 
present, with the isotherm collapsing at approximately 40 rnN/m. There was a very 
obvious collapse of the film in the 1:5 and 1:10 isotherms where both isotherms 
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showed a very sudden and sharp collapse. This was characteristic of the AA 
isotherm. Emelianov et. al. [19] and Sheu et. al. 1181 obtained similar isotherms for 
mixtures of CuTTBPc:AA. 
Isotherms obta~ned uslng d~fferent molar ratlos 
I Area per Molecule, A2 per Molecule I 
Figure 4.10: The isotherms obtained for 1:2,1:3,1:4,1:5,1:6, 1:7, 1:8,1:9 and 1:10 molar ratio 
solutions of CuTTBPc:AA. 
The transfer ratios Indicated that the films produced at hfferent molar rahos 
of l:X CuTTBPc:AA were poor Y-type. A summary of the transfer ratios transfer is 
given in table 4.2. As with the 1:l CuTTI3Pc:AA no systematic trend was observed 
with the transfer ratios. It was assumed that the aggregation of the CuTI'BPc 
molecule was responsible for the poor transfer ratios. 
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Table 4.2: The transfer ratios for 11 layer films produced using 1:2,1:3,1:4,1:5,1:6,1:7,1:8, 
1:9 and 1:10 molar ratio solutions of CuTTBPc:AA 
4.2.4 Variation of the Molar Ratio of CuTTBPc in CuTTBPc:AA 
Solutions were prepared in which the amount of AA was constant and the 
amount of Cu'ITBPc was varied. A series of 11 layer X:l CuTTBPc:AA films were 
grown at a dipping speed of 5mmImin and target pressure of 20mNIm. These films 
appeared to be Y-type from the transfer ratios. Isotherms for 2:1, 3:1, 4:1, 6:l and 
8:l molar ratio solutions of CuTTBPc:AA are shown in figure 4.11. These 
isotherms exhibited the characteristics of a CuTTBPc isotherm more than that of an 
AA isotherm. T h ~ s  was to be expected as the amount of CuTTBPc had increased 
compared to AA. All the isotherms reached a plateau at approximately 30 mN/m and 
collapsed around 60 mN/m with the exception of the 4:l and 8.1 films. Similarities 
in the shape of theses isotherms and those of Sheu et. al. [IS] were observed. 
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Figure 4.11: The isotherms obtained for 2:1,3:1,4:1,6:1 and 8:1 molar ratio solutions of 
CuTTBPc:AA. 
There was slight improvement in the transfer ratios compared to the l:X 
CuTT3Pc:AA films. A summary of the transfer ratios is shown in table 4.3. 
Table 4.3: The transfer ratios obtained for 11 layer films produced using 2:1,3:1,4:1,6:1 and 
8:l molar ratio solutions of CuTTBPc:AA. 
Ratio of PC:M 
2 1 Pc:AA 
3 1  PcAA 
4 1 PC AA 
6 1 PC AA 
8 1 Pc.AA 
4.3 Conclusions 
For the pure AA films, grown in DCU on the Nima 2022 bath, Y-type films 
were usually formed regardless of speed, pH or drying time. Certain dipping 
conditions such as the dip speed could be optirnised to improve the transfer ratio. 
Alterations in the drying time showed that allowing the film to dry between dips 
improved the film quality. Changes in pH did not play a significant role in the film 
quality or film type. It should be noted that to see a significant change in the film 
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both on the subphase and on the substrate) due to pH changes the addition of 
cations to the subphase is necessary [6][91[10][111[12]. 
The isotherms obtained for both the pure and mixed films were in good 
agreement with other publications [17][18][19][221. The presence of both CuTTBPc 
and AA could be seen in the mixed monolayer isotherms. films produced with the 
pure CulTBPc showed evidence of aggregation both in the isotherms and in the 
transfer ratios. These films were predominantly Y-type in configuration. The pure 
LB films of C u m P c  were studied by AFM, NEXAFS and XPS to determine the 
surface topography, tilt angle and molecular orientation of CuTTBPc. These results 
are discussed sections 5.1.1, 6.4 and 6.5, respectively. The NEXAFS and X P S  
results for the LB film were compared to the results of evaporated films of 
CuTTBPc. 
The incorporation of AA into the CuTTBPc films was investigated as a 
method of reducing film aggregation and improving the transfer ratios. These film 
were grown in Nottingham University on the Nima 312D bath. It was oberved from 
the isotherms that the AA decreased aggregation slightly but there was little 
improvement in the transfer ratios when AA was mixed with the CulTBPc. It 
should be noted that the Nima 312D Model trough uses a dipper where both the 
front and back surfaces of the substrate are coated with the monolayer.The transfer 
ratio is then averaged for both sides. For these experiments polished silicon wafers 
were used but only one slde of the silicon was polished and plasma cleaned. In this 
case the films transfer differently on to each side of the substrate and hence there 
would be an error in the transfer ratio. For this reason the film quality was not 
judged solely by the transfer ratio but also from AFM and ellipsometry 
measurements, as discussed in sections 5.1.2 and 5.2. 
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Chapter 5 AFM, Ellipsometry and STM Results 
An AFM and Ellipsometrv Study of CuTTBPC:AA LB 
Films plus an STM studv of pure CuTTBPc 
Chapter 5 reveals how topographical, orientation and height studies were carried 
out uszng the AFM, ST34 and ellipsometer. The AFM images of the mined films of 
CuTTBPc:AA are discussed in sections 5.1.2 to 5.1.3 where the films possessed both 
RA and CuTTBPc characteristics. The change in surface roughness was studied us 
the thickness of the Jilms increased Ellipsometry was used to calculate film 
thickness and to investigate the presence of a layer-by- layer growth structure. The 
results are given in section 5.2.2 and 5.2.3. An STM study ofpure CuTTBPc, section 
5.3.3, on ~ ~ / ~ i ( l l l ) ~ 3 0 " ( d 3  x 43) revealed a highly ordered and densely packed 
surface which has previously been unreported in literature. Section 5.3.5 reports on 
the jfindmngs of an STS study of CuTTBPc on ~ ~ / ~ i ( 1 1 1 ) ~ 3 0 ~ ( d 3  \j3 43) which was 
used to calculute the HOMO-LUMO bandgap. 
5.1 An AFM Studv of LB films 
5.1.1 AFM Studv of Pure CuTTBPc LB films 
Films with a thickness of 12 MLs of pure CuTTBPc were grown on plasma 
cleaned silicon. The isotherms recorded for the CuTTBPc suggested that aggregation 
within the CuTTBPc monolayer existed. This aggregation was therefore expected to 
be observed in the AFM images of these films. Tapping mode AFM is a non- 
destructive technique and is ideal for imaging these films. In agreement with other 
researchers [1][2][3] and the LB isotherms measured in this work, clusters of 
matenal were found in AFM images of pure CuTTBPc as shown in figure 5.1 taken 
from a 12 layer film. The surface coverage is good and spherical clusters varying in 
size are uniformly distributed on the surface. The width of the clusters varied from a 
maximum of 56051.49 nm to a minimum of 150G.62 nm. 
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Figure 5.1 : A 5 w? scan of a pure CuTTBPc film with a thickness of 12 monolayers. 
5.1.2 AFM Studv Mixed LB Films of 1:l ChTTBPc: AA 
By mixing the CuTTBPc with AA, in a molar ratio of 1:1, the clusters were 
expected to disperse as AA reduces aggregation. The films were expected to have 
characteristics of both the AA surface and the CuTlBPc surface as seen with the LB 
isotherms. Emelianov et. al. [2] proposes that the height of the mixed film is 
determined by the AA as the CulTBPc molecules are hydrophobic and are squeezed 
out of the film by the AA molecules, as shown in figure 5.2. This suggests that a 
mixed monolayer height should be approxhately 2.7 nm. In other work carried out 
by Emelyanov et. al. [3], a 25 layer 1:l CuT7BPc:AA film was studied by means of 
X-ray reflectrometry and the monolayer height was calculated to be 2.39 nm. They 
suggested a tilt in the AA molecule is responsible for this reduction in height. 
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Figure 5.2: The proposed structure of a mixed CuTTBPc:AA film [2]. 
In contrast to these finding where the AA determines the height of the 
monolayer the 1 layer film of 1:1 CuTTBPc: AA in this research had a height of 
1.70 (r0.04) nm, which was in good agreement with the height of the pure 
CuTTBPc monolayer as found by Li et. al. [41 (1.7 nm) and Emelianov et. al. 151 
(1.65 nm) using XRD. Figure 5.3 shows a 5 pm2 AF'M image and height profile for a 
monolayer of 1:l CuTTBPc:AA. The differences in thickness could he a result of the 
varying degree of aggregation within the individual films. The height of 
approximately 1.7 nm found in this research would suggest that the CuTTBPc 
molecules were the determining factor where height was concerned. In chapter 4 
equation 4.1 was used to calculate the thickness of the floating monolayer of pure 
CuTTBPc and this was found to he 2.65 nm. Therefore there was a difference 
between the thickness of the floating and transferred monolayers which was 
attributed to a difference in the tilt angle of the molecule on the subphase and 
substrate. The one ML 1:l CuTTBPc:AA film did resemble an AA film in that the 
surface appears smooth and pinhole defects were present. In addition, small clusters 
were uniformly distributed throughout the surface which could result from 
Cu7TBPc molecules. A surface roughness analysis gave an RMS (route mean 
square) roughness of 0.64 nm. Lee et. al. [I] obtained a roughness value of 0.74 nm 
for a pure CuTTBPc monolayer. RMS roughness is a measure of the surface 
roughness/smoothness of a material. The RMS roughness describes the fluctuations 
around an average surface height and is the standard deviation or the square root of 
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the second curnulant (or variance) in terms of statistics. The higher the RMS value 
the rougher the surface. 
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Figure 5.3: 5 pmz scan of a 1 layer film of 1:l CuTTBPc:AA and its height profde. 
An AFM image of a 3 layer film, shown in figure 5.4, had a rougher surface than the 
1 layer sample. As the layers deposited it was possible that they breaking up due the 
surface roughness of underlying layers. The 3 layer film did, however, exhibit both 
AA and CuTTBPc characteristics in that smooth AA domains exist along side 
clusters of CuTTBPc. 
Figure 5.4: 5 of a 3 layer 1:l Cu'ITBPc:AA fdm. This film appeared to have a rougher 
surface than the monolayer fdm. Domains of CuTTBPc can be seen on the surface and the layer 
seemed to he disintegrate upon deposition, possibly due to the increasing roughness of the 
underlying layers. 
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The clusters of CuTTBPc were very evident in the 5 layer film. They were 
found on top of the AA regions of the film, as predicted by Emelianov et. al. [ 2 ] .  
These clusters also appear in the 7, 9 and 11 layer films but they were less obvious 
and smaller in the 7 layer film, as can be seen in figure 5.5. 
Figure 5.5: 5 pm2 AFM scans of 1:l CuTTBPc:AA where (a) is a 5 layer film, (b) is a 7 layer 
film, (e) is a 9 layer film and (d) is an 11 layer film. 
For the higher coverage films the surface appeared rougher and possessed 
more CuTTBPc characteristics than AA. It should be noted that these films usually 
had large pieces of debris on the surface, again a sign the film was disintegrating as 
it deposited. Figure 5.6 shows typical AFM images of the 13, 15,17,19 and 21 layer 
films. 
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For the hgher coverage films the surface appeared rougher and possessed more 
CuTTBPc characteristics than AA. It should be noted that these films usually had 
large pieces of debris on the surface, again a sign the film was disintegrating as it 
deposited. Figure 5.6 shows typical AFM images of the 13, 15, 17, 19 and 21 layer 
films. 
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Figure 5.6: 5 pm2 images for the (a) 13, (b) 15, (c) 17, (d) 19 and (e) 21 layer films. Note the 
presence of debris on the surface. 
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5.1.3 AFM Studv of l:X and X:l LB Films of CuTTBPc: AA 
A systematic study was camed in which the amount of AA was increased 
with respect to the amount of CuTTBPc to grow 11 layer LB films. When the molar 
ratio lay between 1:2 and 1:6 the surfaces tended to be uneven with the presence of 
clusters. When the molar ratio of AA was increased in the range of 1:7 to 1:10 of the 
films took on a smoother appearance. 
Films with molar ratios of 2:1,3: 1, 4: 1, 6: 1 and 8: 1 CuTTBPc:AA were also 
studied. In these films clusters of CuTTBPc could be seen on the surface. The 2:l 
CuTTBPc:AA film appeared to be the smoothest but the remaining films look 
s~milar egardless of the amount of CuTTBPc used. 
Figure 5.7 shows some examples of the films produced using different molar 
~atios of CuTTBPc:AA. Extreme examples are shown here to highlight how the 
change in the molar ratio can affect the surface composition 
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Table 5.1 gives the RMS values for the above AFM images. These values confirm 
that the roughness of the surface for the 1:l Cu'M'l3Pc films increased as the 
thickness increased. They also show that the RMS values decreased as the amount of 
AA in the film increased and that the RMS values increased and as the amount of 
CuTTBPc increased. 
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Table 5.1: The RMS roughness values for the various LB films. 
5.2 An Ellipsometry Studv of CuTTBPc:AA LB films 
Ellipsometry is a non-destructive technique used to determine the thickness 
of the mixed CuTTBPc:AA films. LB films rangmg from 1-21 MLs were grown 
using a 1:l molar ratio of CuT'I33Pc:b.A. The AFM results suggested that the 1 ML 
film was relatively smooth with the presence characteristic pinhole defects. As the 
thickness of the film increased it appeared that islands were forming on the surface. 
This would indlcate that films were Stranski-Krastanov in nature. By calculating the 
exact thickness of each LB film and observing the layer by layer growth it was 
possible to determine the presence of molecular ordering within the LB films. An 
investigation of the effect of varying the molar ratio on the film thickness was also 
performed. This was done by studying the thickness of a set of 11 layer films 
produced using different molar solutions of CuTIBPc:AA. The optical constants, n 
and k, were determined for each film. 
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5.2.1 Elliasometrv Mode1 
To extract the film thickness and the optical constants, n and k, from the 
ellipsometrical data a model of the film was proposed. The model allows the user to 
fit a curve to the experimental data. 
The software for the Jobin Yvon ellipsometer contans a library which has 
pre-installed models for different materials and geometries. Phthalocyanines are 
considered to be dyes by nature and therefore should exhibit a high optical 
absorption in the visible range. Literature has shown that two absorption peaks exist 
for CuPc [6][7] and its various derivatives, such as tetrabromo-tetraalkoxyl 
substituted CuPc (TBTACuPc), tetraalkoxyl substituted CuPc (TACuPc)[8], copper- 
tetr&s(3,3-dimethylbutoxycarbonyl phthalocyanine (Cu(dmbc)Pc) [9][10] and 
CuTTBPc [4]. The absorption peaks for CuTTBPc are found at around 340-350 nm 
and 620 nm and are attributed to the Soret band and Q-band respectively. It is widely 
accepted that these peaks results from the x-x* transitions of the macrocyclic 
system of the PC ring which is made up of carbon and nitrogen atoms. Wu et. al. 
[8j,Manno et. al. [9j. and Rella [lo] et. al. studied Cu(dmbc)Pc and suggested that 
the Q-band absorption peak at 620 nm was "caused by the formation of dimmers or 
higher aggregates", while Li et. al. [4] undertook a study involvmg CuTTBPc and 
suggested the broad Q-band peak is linked to the 1D linear stacking of the PC 
system. This indicated a certain degree of ordering in the films. The Q- and Soret 
bands were observed in the fit for the LB model for this work. A double amorphous 
dispersion formula was used for the CuTTBPc:AA film. Since the LB films were 
prepared on silicon the crystalline silicon data from the matenals library was used as 
the substrate. A silicon oxide layer was also included as part of the substrate. The 
reference files provided for the crystalline silicon and the silicon oxide layer were 
sufficient to model the substrate. When building a model of the LB layer a number 
of factors were taken into account. The chi squared value was used to check the 
reliability of the model. Any value below 10 is an acceptable value for the chi 
squared. The correlation of the fit was also examined and was within reasonable 
limits suggesting that the model was accurate. Since it was known that the CuTI'BPc 
molecule formed aggregates allowance was made for this by means of incorporating 
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a "void" into the model. A void provided for gaps OT pits on the surface. In the 
model the surface consisted of 50% void and 50% CuTTBPc. Observations were 
made on correlation and chi squared value to check if the void improved the 
goodness of the fit. There was no marked improvement by the introduction a void. 
This was also observed by Djurisica et. al. [7] when they studied CuPc so for 
simplicity the void on the surface was ignored. Figure 5.7 shows a typical output 
from the modelling software for the one layer 1:l CuTTBPc:AA film. The chi 
squared value of 0.116 indicates a good fit. It should be noted that as the films 
increased in thickness (greater than 15 layers) the chi-square value increased. This is 
attributed to aggregation in the film. 
Irererions Nunber = 25 
31 PC film-double amorplulusdsp 
Figure 5.8: A screen capture of the model used. 
An example of the fit for a one layer 1: 1 CuTTBPc:AA film is shown in figure 5.9. 
The experimental data is represented by blue and red dots while the fit is drawn as a 
continuous line. I, represents sin2ysin~ while E is sin2 YcosA. 
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Figure 5.9: The fit for the one layer 1:l PC: AA film The experimental data is represented in 
blue and red dots while the fit is drawn in a continuous line. From visual inspection this is a 
satisfactory fit. 
For this particular set of mixed CuTTBPc and AA LB films it appeared that 
there is a small peak around 300 nm and no peak at 340 nm. The presence of AA 
could have shifted the peak from 340 to 300 nm but due to experimental limitations 
a scan of the peak at 300 nm was not possible. Nabok et. al. [ l l ]  studied octa- 
subshtuted metal free phthalocyanines where the substitution groups contained alkyl 
chains which had different lengths. It was found that even small changes in the alkyl 
chain length (ie C6 to C8) produced large changes in the Q-band shape. The 
absorption peaks for this research are shown in figure 5.10. 
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Figure 5.10: The absorption peaks for the Pc:AA films. 
5.2.2 Ellipsometrv Studv of 1:l CuTTBPc:AA LB films ranging from 1-21 
MLs. 
-
Figure 5.11 shows the thickness of the 1:l CuTTBPc:AA films, extracted 
from the model results and plotted as a function of the number of monolayers. The 
h e a r  graph indicates that the film grew in a layer by layer fashion despite the 
obvious aggregation that has been discussed in the LB and AFM sections. Lee et. al. 
[I] observed a linear growth pattern when carrying out ellipsometry measurements 
on films of pure CuTTBPc films. Linear growth has also been found in LB films of 
Cu(dmbc)Pc [lo]. 
It should noted the scan size of the AFM images was 5 ym, while the spot 
size of the ellipsometer was 1.2 mm. The measurements taken with the ellipsometer 
were averaged, so that high areas (or clusters) would be averaged against low areas 
(or pits in the case of the LB films). This explains why the thickness of the one layer 
film of 1:l CuTTBPc:AA is 1.7 nln in the AFM image and approximately 4 nm in 
the ellipsometer. For this reason the slope of graph was used to calculate the average 
layer thickness instead of relying on Individual ellipsometry data points. The average 
layer thickness, as calculated from the slope of the graph, was 2.19 (c 0.16) nm. This 
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value was in better agreement with the average AFM value of 1.7 nm and the 
theoretical value of 1.7 nm. The difference in the ellipsometry and AFM value was 
due to the averaging process discussed above. 
I I 
Figure 5.11: A plot of thickness versus number of layers for films grown with 1:l Pc:AA. 
The n and k values were extracted from the model and are shown in figure 5.12. It 
can be seen that the k values gradually Increased and reached a constant value of 
1 57 after the 11" layer. The value of the refractive index decreased and had not 
attained a constant hulk value even after 20 layers had been deposited. The average 
n and k values for films with a thickness of 11 layers or higher were 2.21 and 1.57, 
respectively. 
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Figure 5.12: A plot of n and k versus number of Layers for the 1:l Pc:AA films. 
A plot of the n and k values for the films produced 
with 1 .I CuTTBPc:AA 
5.2.3 Eltipsometrv Study of 11 ML l:X and X:l LB Films of CuTTBPc: AA 
The thickness and n and k values were studied for a series of 11-layer films 
produced by varylng the CuTTBPc concentration while keeping the AA constant 
and vice-versa. The thickness of the l:X CuTTBPPc:AA films were almost 
independent of AA concentration with an average thickness of 25.87 nm for the 11 
layer film, giving an average monolayer thickness of 2.35 (+ 0.14) nm. Variations in 
aggregation and changes in the film quality may be responsible for this value being 
higher than 2.19 nrn noted above. Also note that the 1:6 CuTTBPc:AA film was of 
poor quality. Even with the naked eye this particular film showed non uniform 
regions across the surface. The ellipsometry results for 11 layers 1: X CuTTBPc:AA 
films are shown in figure 5.13. The average values determined for n and k were 2.84 
and 1.52, respectively. 
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The thickness of the 11 layers of X:l Pc:AA films was studied as a function of 
(a) Thicknesses of 11 layer films grown at @)A plot of n and k values for 11 layer films produced 
I :X CuTTBPc.AA concentrations with 1 :X CuTTBPcAA 
CuTTBPc concentration. Again the thickness was found to be almost independent of 
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Pc concentration with an average value of 26.2 nm, giving an average monolayer 
thickness of 2.38 (+. 0.16) nm. The results are shown in figure 5.14. The n and k 
Concentratton of CuTTBPc to AA Concentrat~on of CuTTBPc to AA 
Figure 5.13: (a) The thickness of the 11 layer Wms grown at different concentrations. The films 
have an almost constant thickness with the exception of the 1:6 CuTTPc:AA fdm. (b) The n and 
k values are almos constant, again with the exception of the 1:6 CuTTBPc fdm, which appeared 
to be a bad fdm. 
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A summary of the results for the 1:l CuTTBPc:AA, l:X CuTTBPc:AA and 
X:l CuTTBPc:AA is shown 1n table 5.2. 
(a) Thickness of 11 layer films grown wlth X:l (b) A plot of n and k values for 11 layer films produced 
CuTTBPc:AA 40- w~ th  X 1 CuTTBPc:AA 
Table 5.2: The ellipsometry results 1:l CuTTBPc:AA, l:X CnTTBPc:AA and X:l 
CuTTBPc:AA LB films. 
1 
e 
m-n 
".b 
I( 1 0 
Manno et. al. [9] found that the refractive index of Cu(dmdc)Pc varies from 
1.3 to 2 5 across a spectral range of 300-800 nm. At 633 nm Nahok et. al. [ l l ]  found 
the refractive index of AmPc6 (bishydroxyhutyl hexaalkyl phthalocyanine, where the 
alkyl group is C,jH13) to be 1.4 and the extinction co-efficient to be 0.146. They 
found the refractive index of AmPca (bishydroxybutyl hexaalkyl phthalocyanine, 
where the alkyl group is C8HI7) to be 1.5 and the extinction co-efficient to be 0 272. 
The LB films of AmPc6 and AmPc8 had an average monolayer thickness of 2 nm 
and 2.4 nm respectively. The average values for the refractive index and extinction 
co-efficient of CuTTBPc:AA, in this work, were found to 2.57 and 1.53, 
2 1 4 1 6 1 8 1 
2 1 4 1 6 1 6 1 Molar Ratlon of CuTTBPc.AA 
Figure 5.14!%&2ntrat10n of CuTTBPc to AA 
thicknesses (a) and n and k values (b) of the 11 layer films grown at different X:l 
CuTTBPc:AAconcentrations. 
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respectively, at 620 nm. These values were calculated for films 11 MLs or more in 
thickness with the overall ML thickness working out at 2.31 nm. 
5.3 STM study of evaporated CuTTBPc films 
While numerous papers have been published on the STM and STS studies of 
CuPc on surfaces [12]-[18] very little has been published regarding CuTTBPc. In 
this experiment the STM technique was used to study the orientation of individual 
CuTTBPc molecules on two different surfaces, Si(ll1)-(7x7) and the silver 
passivated Si(ll1) surface, Ag/Si(lll)-(43x43). Scanning Tunnelling Spectroscopy 
(STS) studies were also undertaken to measure the position of the HOMO and 
LUMO states of the CuTTl3Pc on the silver terminated silicon surface. 
5.3.1 The Si(ll1)-(7x7) Surface 
The structure of Si (111) - (7x7) was studled in detail by Takayanagi et. al. 
[19] using transmission electron d~ffraction (TED), which enabled them to determine 
the atomic arrangement in the unit cell of a reconstructed surface layer. Using the 
Dimer Adatom Stacking (DAS) fault model they explained the reconstruction of Si 
(111)-(7x7). The surface consists of dimer bonds, adatoms, rest atoms and 
subsudace stacking faults as can be seen in figure 5.15. The left hand side of the top 
view represent stacking on the faulted side while the right hand side represents 
staclung on the unfaulted side. 
Chapter 5 AFM, Ellipsometry and STM Results 
Top View 
Adatom 
@Dimer 
*Surface Faulted Restatam 12 Fold Ring 
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Side View 
- 
Faulred Unfaulted 
Figure 5.15: The DAS model for the Si(ll1)-(7x7) with the stacking fault on the left hand side of 
the image [ZO]. 
The Si(ll1)-(7x7) surface was prepared by repeated cycles of flashing to a 
temperature of -1,200°C. This removed the native oxide from the Si(ll1) surface. 
The final flashing cycle was followed by a rapid cooling to 950°C and then a slow 
cooling at a rate of 10O0C/minute to room temperature. Figure 5.16 shows faled and 
empty state STM images of the atomically clean Si(111)-(7x7) surface. 
Figure 5.16: (a) Filled and (b) empty states of the (7x7) reconstruction where the tunnelling current in (a) 
was 1.0 nA and the bias was 1V and in (b) the tunnelling current was 0.5 nA and the bias was -lV. The 
scan size was 26.6 nm2 in both cases. 
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5.3.2 The ~&i( l l l ) - (d3  x 43) Surface 
The deposition of Ag onto Si (1 11) - (7x7) held at a temperature of -700K 
lead to the formation of a (43xd3)- R30° reconstruction [21][22][23] which will be 
referred to as A~/s~-43  from now on. The resulting structure is known as the 
Honeycomb-Chain-Trimer (HCT) model [21][22][23]. A typical empty state STM 
image, shown in figure 5.17 reveals a hexagonal structure consisting of six 
protrusions, which make up the honeycomb structure. The honeycombs relate to the 
charge density at the centre of the Ag trimers and the dark regions relate to the 
underlying silicon trimers. The unit cell has a length of 0.648k0.002 nm. 
Figure 5.17 : A 10nm2 STM image of Ag/Si(lll)- (43 x d3) R30°, taken at a tunnelling current 
of 0.75 nA and a voltage of 1.5 V. 
5.3.3 An STM Studv of CuTTBPc on ~ e l ~ i ( l l l ) - . \ j 3  
STM and STS can provide information regarding the bonding between the 
molecule and the substrate, charge distribution and the geometric configuration of 
the molecule. At 600k a monolayer of CuTTBPc was evaporated onto the AgISi 
(111)-q3 surface at a rate of 0.2ML per minute from a tantalum crucible in a 
homemade deposition cell. The total pressure during phthalocyanine deposition was 
in the 1 0-9 mbar range. Before evaporation the phthalocyanine powder was degassed 
for about 12 h to remove water vapour. CuTTBPc deposited on the surface forming 
rows of molecules as can be seen clearly in figure 5.18. The rows were made up of 
groups of two molecules aligned together to give a diner structure. The dimers had a 
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very organised structure and they grew in lines parallel to each other. The STM 
images showed that CuTTBPc formed a highly ordered and tightly packed molecular 
arrays on the surface. Figure 5.18 shows two STM images, one taken with a positive 
sample bias (a) and one taken with a negative sample (b). In image (a) the tetra-tert- 
butyl (TTB) groups could be seen as bright dots, where each TTB group contributed 
to the diamond shaped features, while the PC ring was imaged as the dark region. In 
image (b) filled states are shown as the bright regions which exhibit the four fold 
symmetry of the PC ring. The unit cell is shown in white where the dimensions of the 
cell are 3.36 nm (+ 0.02nm) by 1.86 nm (+ 0.Olnm) and the ratio of the sides is 1.81, 
as calculated using the WsXm software package [24]. 
Figure 5.18: The 25x25nm STM images, both taken with a tunnelling current of 1 .0~~4 ,  showing 
the (a) empty and (b) the filled states of the CuTTBPc molecule on ~g/Si-43. (a) was taken with 
a sample bias of +2.OV while @) was taken with -2.OV. When imaging the empty states two 
different orientations of the TTB group can be seen (a). In (b) the alignment of the PC ring 
shown. 
A proposed structure of the CuTTBPc surface, drawn in ChemSketch [25], is 
shown in figure 5.19. It was apparent that the TTB groups had two different 
orientations, in one the spacing between the groups is close together and a second 
where the spacing is larger. This was a result of a discrete shift in one row of 
molecules compared to another. The pink diamond represents the region where the 
shift occurs and where the TTB groups are tightly packed together. The blue 
diamond represents the TTB groups situated within a row of molecules and they 
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were spaced further apart than those between the rows. The unit cell is outlined in 
black. The two grey lines running parallel to each other represent the dark rows 
observed in the filled state image (b). Intermolecular distances, calculated in 
ChemSketch [25], the dimensions of the unit cell in figure 5.18 were found to be 
3.35 nm by 1.86 nm and gave a ratio of 1.80. This was in good agreement with the 
WsXm measurement taken for STM images in figure 5.18. 
Figure 5.19: The proposed structure of the CuTTBPc surface on AgISi (111)-43. The unit cell is 
shown in black and the spacing between the rows in grey. The pink and purple diamonds 
represent the TTB groups between the rows and within the rows, respectively. 
Three sets of measurements were taken on both the empty and filled state images. 
The horizontal distance across four PC rings (a), the vertical distance up four PC 
rings @) and the diagonal distance across one PC ring (c). Figure 5.20 shows the 
empty states STM image (a) and the profile analysis (b) for a (12 x 12) nm2 scan 
taken with a sample bias of 2.OV and tunneling current of 0.15 nA. 
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Distance, nm 
Figure 5.20: (a) STM and (b) profile analysis of a (12xlZ)nm image with a sample bias of +2.0V 
and tunneling current of 0.15nA. 
Figure 5.21 shows the filled states STM image (a) and the profile analysis (b) for a 
(12x12)nm2 scan taken with a sample bias of -1.75V and tunneling current of 0.75 
nA. 
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Distance, nm 
Figure 5.21: (a) STM and (b) profde analysis of a (12xl2)nm image with a sample bias of -1.75V 
and tunneling current of 0.75nA. 
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Figure 5.22: A (2Ox20)nm STM image of the filled states, taken with a sample bias of -2.OV and 
a tunneling current of 0.25111. The fow fold symmetry of the ring is clearly visible. 
When the CuTTBPc surface was imaged on a larger scale, the formation of 
molecular domains was observed. Figure 5.23 shows a (40x40) nm2 image. Two 
domains could be seen at an angle of 102" to each other. It is interesting to note that 
the rows, for the most part, consisted of two molecules side by side which lead to the 
formation of dimers on the surface. There were however, rows which were made up 
of three molecules, or trimers, and in the boundary of the two domains the molecules 
had a random orientation. 
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Figure 5.23: Domain formation within the CuTTBPc surface, (4Ox40)nm scan with a sample 
bias of +2V and tunneling current of O.lnA. 
5.3.4 An STM Study of CuTTBPc on Si(ll1)-(7x7) 
A low coverage of CuTTBPc was also deposited on the clean Si (1 11)-(7x7) 
and imaged by STM, however this proved to be difficult. Lippel et.al. [16] deposited 
CuPc on Cu (100) but encountered difficulties with imaging and surface coverage 
when working with CuPc on Si (111) and Au (1 10). Yu Suzuki et. al. [17]also found 
that there was no ordering when they deposited CuPc on Si (111) but when they 
passivated the surface with hydgrogen the CuPc formed wire l i e  growths on the 
surface. Nakamura et. al. [18] found that the adsorption of CuPc on H-Si (111) was 
random when the coverage was below one monolayer but that the ordering improved 
once the coverage exceeded one monolayer. CuPc is found to bond on the silicon 
surface via two different routes involving the dangling silicon bond. The first route 
is the stationary route which gives STM images were the four fold symmetry of the 
CuPc ring can seen, as shown in figure 5.19. The second route involves the 
interaction of the dangling bond with the phenyl ring of the CuTTBPPc molecule 
and this gives rise to a circular image of CuPc instead of a four fold image [13]. This 
is illustrated in figure 5.24. 
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Figure 5.24: The rotation of theCnTTBPc molecule which gives rise to circular images. 
Figure 5.25 shows an example of an STM image obtained for CuTTBPc on 
Si(ll1). In this image the surface coverage was very low in contrast to the images 
for CuTTBPc on AgfSi(ll1)-d3. The diameter of the circular regions was found to 
be, on average, 4.50 nm -t- 0.41 nm. This result was approximately twice the 
diameter of the CuTTBPc molecule suggesting that the molecule was rotating in a 
circular path around a dangling bond. Since the surface coverage was poor very few 
instances of circular images were observed. 
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Figwe 5 2 5  4Ox40nm STM image of CulTBPc on Si(ll1)-(7x7) where circular images of 
CuTTBPc can be seen. This image was taken with a +1.5V and a tunneling current of 0.5nA. 
5.3.5 STS Results for CuTTBPc on ~ d ~ i - 4 3  
STS spectra were recorded to probe the density of states of 1 ML of 
CuTTBPc on a A~/s~-43 surface. The I(V) and (dVdVy(W) spectra shown in figure 
5.26, were taken and compared to the XPS and XAS data discussed later in Chapter 
6. The (dVdV)/(VV) spectra are normalised conductivity spectra representing the 
density of states. Each STS spectra is the result of the averaging of over 2,500 
spectra witbin an image. 
Figure 5.26 (b) shows that there is excellent agreement between the spectra 
This strong reproducibility was observed when scanning other parts of the sample. 
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Figure 5.26: The I(V) spectra (a) and the corresponding normalised conductivity spectra 
(dZ/dV)/(IN) representing the density of states (b). Spectra 1,3 and 4 were averaged over 2,500 
pomts h one area of the sample, while spectrum 2 was acquired in a different area of the 
sample and was averaged over the same number of points. 
SIX distinct features were observed in the (dI/dV)/(IW spectra. The peaks at -2.3 V, 
-1.1 V and -0.4 V corresponded to the occupied states of the molecule whle the 
peaks at 0.7 V, 1.7 V and 2.6 V corresponded to the unoccupied states [261. 
Figure 5.27 shows the normalised conductivity spectra for CuTTBPc (1 and 
2), clean ~ ~ l ~ i - 4 3  (3 and 4) and the valence band XPS spectrum for an Ag(100) 
single crystal. It can be concluded that spectra 1 and 2 are purely a result of the 
CuTTBPc layer. One peak, at 1.7 V, was present in both Cu7TBPc layer and the 
~ g / ~ i - 4 3  substrate spectra. In the case of the ~ ~ l ~ i - 4 3  surface this peak had two 
additional shoulders, whlch were absent in the STS spectra of the CuTTBPc layer. 
This Indicated that no spectral features related to a signal from the substate were 
present in the STS spectra measured from the ordered phthalocyanine layer. 
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Figure 5.27: Com arison between the normalised conductivity spectra for CuTTBPc (1 and 2) 
and clean AgISi- 7 3 (3 and 4). The solid line (5) show the valence band XPS spectrum for a 
Ag(100) single crystal. 
Assignment of the peaks in the STS spectra was achieved by cornpanson of 
the STS results with that of the XPS and XAS results, figure 5.28. There was a good 
overall correlation in the results with the energy posibons of the carbon and nltrogen 
peaks found in the XAS spectra agreeing well with those found in the STS spectra. 
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Figure 5.28: Comparison of the normalised conductivity spectrum from the 1 ML CuTTBPc on 
~ ~ / ~ i ( l l l ) - d 3  to that of the XPS VB spectrum and XAS of CuTTBPc (10-20 ML) prepared in- 
situ on clean Si(ll1). The energy scales of the absorption spectra are aligned using the core level 
energies, E (C 1s) = 284.45 eV, E(N Is) = 398.5 eV and E(Cu 2py3 = 934.5 eV. 
The assignment of the peaks in figure 5.28 was carried out by companson to 
theoretical calculations using the density functional theory [27][28]. The peak at -0.4 
V was the occupied state of the HOMO having a big symmetry. It was a half 
occupied o molecular orbital and had characteristics of both Cu 3d(~'-~') and ligand 
2p [271. The main peak in the Cu 2~312 XAS spectrum was a result of the dipole- 
allowed transition of the 2~312 to an empty 3d state. The empty 3d state was 
associated with the electron configuration of Cu which is missing one 3d electron. 
The energy position of the Cn 2~312 XAS peak correlated well with the energy of the 
position of the STS peak at -0.4 eV. This confirmed the HOMO was half occupied 
and mainly 3d in character. 
The peak at -2.3 eV was due to the occupied state of the TC molecular orbital 
having an e, symmetry and the peak at -1.1 eV was due to an al, symmetry. The al, 
n molecular orbital consists mostly of C 2p states [27][29] which had both e, and al, 
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symmetry. The peaks found at 0.7 V, 1.7 V and 2.6 V were the molecular orbltals 
w~th symmetries of e,, b,, and bz, respectively. The lowest unoccupied molecular 
(LUMO) peak was the 2e, n-molecular orbital. Comparing the STS and XAS 
showed that the 2e, and b ~ ,  molecular orbitals had a mixed hgand 2p character. The 
hl, molecular orbital consisted manly of empty C 2p states. 
Using a complete density of states picture from the STS, VB XPS and XAS 
data analysis, the band gap of CuTTEiPc, a, (x) 4 2e, (x*), was found to be 1.8 eV 
in this research. This was in good agreement with that of CuPc, al, (n) --t e, (x*), 
whlch was reported to be 1.7-1 75 eV [30] [3 11 [32]. The HOMO-LUMO (bl, 4 2eg) 
gap of I .  l e v  corresponded to the transport band gap in CuTTBPc. This value agreed 
with the z(V) spectroscopy results for CuPc using STM [33] and density of 
functional theory calculations [27][28]. Two discrete occup~ed states (al, and bl,) 
separated by 0.8 eV and located near the Femi level were observed during X-ray 
emission measurements performed on 200 nm thick CuPc films prepared on the 
P Si(100) substrate [34][35]. In these experiments the energy position of the a,, peak 
was found to agree well with UPS data known in literature [36]-[43] which, in turn, 
had excellent agreement with STS and VB XPS spectra obtained in this work. The 
peak related to the bl, MO was hardly visible in CuPc UPS and the VB XPS spectra 
reported in literature. T h s  could be connected to an ionization character of these 
spectroscopic techniques leading to strong final state effects, which could modify the 
binding energy of the bl, state. In this case a photoemisslon from the a,, and bl, 
states could overlap in energy resulting in a broad asymmetric feature, which could 
be correctly observed using high-resolution measurements only [39]. In the case of 
STS there was no final state effect influence, since the kinetic energy of the outgoing 
(or incoming) electrons recorded in photoermssion experiments was irrelevant for 
this type of measurements. Only the total number of such electrons was important 
resulting in the amplitude of a tunnelling current. 
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5.4 Conclusions 
Aggregation within the monolayer of pure CumBPc was expected following 
the analysis of the LB isotherms. In agreement with this the AFM images for the 11 
layer pure CuTTBPc film showed that clusters of CuTTBPc were present. A range 
of films with varying thickness were studied using a 1:l molar ratio of 
CuTTBPc:AA. In the 1 layer sample the height of the film was approximately 1.7 
nm whch coincides with the height of the pure CuTTBPc molecule. The surface of 
such a film does, however, exhibit some characteristics of the AA monolayer. As the 
thickness of the film increased the topography exhibited both smooth domains of 
AA and clusters of CuTTBPc. At higher coverage the surface lost it AA appearance 
and took on a CuTTBPc appearance, as can be seen in the 19 and 21 layer samples. 
Films with a thickness of 11 layers were grown using different 
concentrahons of CuTTBPc:AA. The molar ratio of CuTTPc:AA was varied in the 
range of 1:2 to 1.10. It was found that the topography of such films tended to 
become more like the AA monolayer as the concentration of AA increased. 
Likewlse 11 layer films were produced where the amount of CuTTBPc was varied in 
the molar ratios of 2:l to 8.1. It was found that films took on a CuTTBPc 
topography as the amount of CuTTBPc was increased. RMS roughness analysis 
confirmed these results, as shown in table 5.1 
Ellipsometry results indicated that the 1-21 ML films of 1:l CuTTBPc.AA 
deposited in a uniform fashion. From figure 5.1 1 it is reasonable to suggest that there 
was layer by layer growth, regardless of the aggregation associated with the 
CuTTBPc molecule. Thls has been observed by others researchers who have 
synthesised LB films containing derivates of CuPc [1][10]. The AFM image of the 1 
layer sample looked relatively smooth but the images of the thicker films showed 
clear evidence of clusters. The films consisted of a smooth first layer and subsequent 
layers of clusters malang them Stranski-Krastanov type. When studying the n and k 
values it became apparent that thick films were needed to accurately determine these 
optical constant. Films should be 11 layers or more in thickness. The 11 layer films 
produced with l:X and X:l of CuTTBPc:AA did not show any dependency on the 
molar raao of the solution used to synthesis the films. Table 5.2 shows that the 
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overall results were in good agreement with each other with the average monolayer 
thickness being 2.31 + 0.14 nm, which agrees well with the thickness of 2.65 nm for 
the floating ML. Analysis of the AFM height profile gave a ML thickness of 1.70 
(r0.04) nm, which had been found for films of CuPc, but with the AFM the heights 
were not averaged across the sample as they were in ellipsometer. Hence the 
thickness of an aggregated film would be calculated more accurately using the 
averaging process in ellipsometry compared to line profile analysis in AFM. 
The STM images of evaporated CuTTBPc on Ag/S1(111) showed a hghly 
ordered surface with tighly packed molecular arrays. Such high quality images and 
reports of such hlgh surface coverage have not been found in the literature to date. It 
was possible to image the empty and filled states of the CuTTBPc molecule by 
altering the voltage bias therefore making it possible to image the ' I T 3  groups or the 
phthalocyamne ring. The unit cells dimensions were found to be 3.36 (r 0.02) nm 
and 1.86 (+ 0.01) nm. WsXm and ChemSketch measurements confirmed that the 
molecule was lying flat on the surface Rows of extremely organised molecules were 
found running parallel to each other. These rows were 2-3 molecules in width 
leading to the formation of dimmers and trimer, respectively. When imaging on a 
larger scale the formation of domans was apparent. Imagining of CuTTBPc on Si 
(1 11) proved to be difficult with low surface coverage. Imaging this type of surface 
revealed the presence of circular images caused by the Cu'ITBPc molecule rotating 
around a dangling bonding which formed between the phenyl group of the 
CUTTBPc and the silicon surface 
STS data for CuTTBPc on Ag/Si(l 1 1 )d3 was in excellent agreement with 
XPS and XAS data for thin films (10-20 ML) of evaporated CuTTBPc. The results 
also agreed well with the X-Ray emission spectroscopy (XES) data, optical band gap 
measurements and density funct~onal theory calculations. The HOMO in the 
CuTTBuPc was a half-occupled 0-MO of bl, symmetry with mixed Cu 3d(~'-~') 
and ligand 2p character. The LUMO was a n-MO of e, symmetry with mainly Ligand 
(C and N) 2p character. A HOMO-LUMO (b,, + 2e,) gap of l . leV corresponded 
to a transport band gap in CuPBPc.  
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In general it can be said that the ellipsometry data for LB films of 
CuTTBPc:AA demonstrated layer-by-layer growth despite strong evidence of 
aggregation as seen by the AFM. STM images of evaporated CuTTBPc on 
Ag/Si(Lll) showed a highly organised surface. In chapter 6 NEXAFS and XPS will 
be employed to probe this ordering in a more detailed manner with NEXAFS being 
used to calculate the exact molecular orientation of CuTTBPc in a pure 12 ML LB 
film and XPS being used to investigate molecular ordering in evaporated films of 
CuTTBPc and HzTTBPc on Si02 and Sl(111) 
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Chapter 6 NEXAFS and XPS Results 
A NEXAFS amd XPS Study of CuTTlBPc and H,.TTBBc in 
LB and Evaporated Films 
Chapter 6 discusses the NEXAFS and XPS results. Using the NEXAFS technique a 
decrease in the HOMO peak as a function of angle of incoming radiation showed 
that the molecule had a strong angular dependency and hence must be highly 
ordered on the surface. It was possible to calculate the exact tilt angle of CutTTBPc 
in a 12 ML LBfiZnz on Si02. Analysis of the XPS would verify the NEX4FS results 
and confirm that there was a definite ordering of the CuTTBPc molecule, not only in 
the LB film but also in the evaporated films. The XPS results disclosed how the 
substrate and method of film deposition can influence the orientation of the 
molecule. 
6.1 Introduction 
LB films should, by nature, posses a well defined structure. The capability of 
the NEXAFS technique to determine molecular orientation is now widely accepted 
[ I ] .  In section 2.6.3 it was outlined how this technique can be used to determine the 
tilt angle of a molecule on a surface. A systematic study of the orientation of the 
CuTTBPc moIecules in an LB film was performed by investigating variations in the 
C 1s and N 1s NEXAFS spectra as a funcQon of the incident angle of the 
synchrotron radiation and from this the tilt angle of the CuTTBPc molecule in the 
LB film was deduced. 
The results of the NEXAFS expenment were compared to those of XPS 
experiments. XPS  was implemented to investigate the orientation of CuTTBPc in 
vacuum deposited films (on SiOz and Si(ll1) substrates) and an LB film deposited 
on SiOz. Additional electronic information regarding copper was obtained by 
comparing the valence band spectra of the CuTTBPc and HzTTBPc films. 
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6.2 Data Analysis 
6.2.1 NEXAFS Data Processing 
The raw data was processed using a programme wntten in Matlab code [Z]. 
The NEXAFS slgnal was fust normalised to the number scans and the average flux 
in photon beam which is proportional to the electron current in the storage ring. A 
further background correction was made for absorption by carbon and nitrogen 
contuning molecules depositied on the beamline optics. This was done by 
measunng C 1s and Nls spectra from a clean (carbon and nltrogen free) tantalum 
sample holder, figures 6.1 (a) and (b). 
The normalised NEXAFS slgnal was then divided by the corresponding 
background signal. Finally, a background signal was fitted and removed from the 
spectrum such that the high photon energy reglon of each spectrum is normal~sed to 
unity. 
(a> Carbon Background (b) Nltrogen Background from Ta Sample Holder from Ta Sample Holder 
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Figure 6.1: The carbon 1s (a) and nitrogen 1s (b) backgrounds obtained from the clean 
tantalum sample holder. 
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6.2.2 XPS Data Processing 
XPS valence band spectra were recorded at different emission angles. An 
example of a spectrum for HzTTBPc is shown in figure 6.2. These data were then 
normalised as follows. Firstly the raw data was divided by the number of scans and 
the average flux in photon beam. A constant background level was calculated by 
averaging the signal at the high kinetic energy end of each spectrum. This average 
background was subtracted from the raw data. The maximum intensity of the butyl 
peak was found and the spectrum was normalised to this value. Gaussian fits were 
applied to the HOMO peaks to calculate the integrated intensity of these peaks as a 
functlon of angle of incidence. The Origin plotting package [3]  was sufficient to 
carry out the normalisafion process and the area calculations. 
An Example of a VB spectrum for H,TTBPc 
at 0 Degrees of lnc~dence 
I Energy, eV I 
L 1 
Figure 6.2: An example of a HzTTBPc spectrum showing the butyl and HOMO peaks. 
Both HzTTBPc and CuTTBPc molecules were studied using the XPS. Since 
the only difference between these phthalocyanine molecules was the presence of a 
copper atom it was possible to study the contribution of the copper signal by 
subtracting the HzTTBPc from the CuTTBPc spectrum. The subtraction of the 
normalised CuTIBPc and HzTJBPc signals was carried out in Origin [3].  The area 
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under the copper 3d84s2 peaks was calculated using Gaussian fits. A11 example of the 
3d84s2 peaks in the subtracted signal is shown in figure 6.3 
Figure 6.3: An example of the copper 3d84s2 peaks in the subtracted spectra where the 
H2TTBPc signal was subtracted from the CuTTBPc signal leaving just the copper signal. 
Example of the 3d84s2 Peaks in the Subtracted Spectrum 
(hv = 70 eV) 
6.3 Interaction of Radiation with Surface Molecules 
The absorption of the incomng radiation is influenced by the orientation of 
- 
the molecules on the surface. If the molecule is lying flat and the radiat~on is normal 
to the surface the x* orbitals he perpendicular to the surface and to the polarisation 
vector of the incomng rahation. In th~s configuration the o* orbitals are parallel to 
the surface and the polarisation vector. At normal incidence (0 = 0") the polarisation 
vector is parallel to the plane of the molecule. In this instance the x* signal will be a 
minimum and the o* signal will be a maximum as shown in figure 6.4. 
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Polarisation Vector 
Figure 6.4: The interaction between the incoming radiation and the n* and d bonds when the 
molecule is lying flat on the surface. 
If the molecule is standing on the surface the x* orbitals lie parallel to the 
polarisation vector and there should be a maximum absorption for n* and a minimum 
for 0' m this configuration, figure 6.5. 
I 0 Degrees Incidence I 
t Polarisation Vector 
m 
I I 
Figure 6.5: The interaction between the incoming radiation and the n* and 0' bonds when the 
molecule is standing on the surface. 
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6.4 NEXAFS Study - The orientation of CuTTBPc on SiOz 
The experimental conditions under which the pure CuTTBPc LB film was 
synthesised and the NEXAFS experiment was conducted are given m sections 4.2.1 
and 3 6.1 respectively. Papers have been published on angular dependent NEXAFS 
studies of evaporated phthalocyanine and it derivatives [4 -71 but nothing to date has 
been reported on the NEXAFS studies of phthalocyanine LB films. Figure 6.6 shows 
an example of the C 1s spectra for the CuTTBPc LB film in this work. Here two 
extremes are shown to demonstrate how the intensity of the carbon 1s absorpuon 
peak changes when the angle of incidence of incoming photons is altered. The 
intensity of the ?I-n* transition drops significantly as the angle is changed from 0" to 
80" relative to the normal. Such a strong angular dependence indicates that 
molecules have a specific molecular orientation on the surface. 
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Figure 6.6: NEXAFS spectra recorded at 0 and 80 degrees relative to the normal, note the 
decrease in the peak intensity when the angle goes from 0 to 80 degrees. 
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Spectra were recorded at polar angles of 0, 25, 45, 60 and 80 degrees. In addition, 
for each set of polar angles, the azimuthd angle was varied such that the dipping 
direction was aligned parallel to, perpendicular to, and at 45O to the polarisation 
vector of the incident radiation, as shown in figure 6.7. 
I I 
Dip Diection 
f--, 
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o=oo 
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Q = 90° 
I 1 
Figure 6.7: The different orientation of the LB sample in the vacuum chamber. 
The full set of data for the corrected carbon and nitrogen spectra, taken with the dip 
direction perpendicular to the polarisation vector, are shown in figure 6.8. For both 
carbon and nitrogen it can be seen that the intensity of the nn*  peak decreased as 
the angle of incidence increased, whereas the intensity of the o-o* peak increased 
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Figure 6.8: The carbon and nitrogen perpendicular signals. 
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A slmilar trend was found when the sample was orientated with the dip direction at 
90 and 45 degrees the plane of polarisabon, as shown in figures 6.9 and 6.10. 
Carbon Parallel Nitrogen Parallel 
Figure 6.9: The carbon 1s (a) and nitrogen 1s (b) spectra obtained when the sample was sample 
was orientated parallel to the plane of polarisation 
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Figure 6.10: The carbon 1s (a) and nitrogen 1s (b) spectra obtained when the sample was 
orientated at 4S0 degrees to plane of polarisation. 
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All three azimuthal orientations showed the n-n* peak decreasing and the o-o* peak 
increasing as the angle of incidence increased. From these observations it could be 
deduced that the molecule was either standing upright, or at a slight Qlt angle 
relauve to the surface normal. To confirm this observation the area under the n-n* 
peak for C 1s and N 1s was measured for each data set and the relative intensity was 
plotted as a function of the angle of incidence as shown in figure 6.11. There was no 
trend in the graphs to suggest that the azimuthal orientation of the sample influenced 
the results. 
Figure 6.11: A plot of the relative intensity under the n- n* peak versus angle of incidence for 
the different azimutal orientations of the sample. 
Relatlve lntens~tles of C and N when Sample IS 
Parallel, Perpend~cular and 45 Degrees 
In'NEXAFS the molecular orientation can be determined by aualysing the 
polarisation dependence of the either the n* or o* transition intensities. Here the n* 
intensities were used. The tilt angle of the molecule was calculated from the 
equation 2.36 which is given in Chapter 2. The polarisation factor was quoted to be 
0.85 for the SX700 beamline. Equatlon 2.36 was used to fit the intensity of the n - x* 
peaks with a as an adjustable parameter. Figure 6.12 shows the correlation between 
the simulated data (shown in black) and the experimental data (shown in red) for the 
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azimutal angles (a) Oo, (b) 45" and (c) 90". LI general there is good agreement 
between the simulated and experimental data indicating that the value calculated for 
the tilt angle of CuTTBPc is accurate. The different tilt angles of the molecule 
calculated for different azimutal orientations of the sample are presented m table 6.1. 
I Azimuthal angle @ I Tilt angle a I 
21 +_ 0.269" 
18.5 * 0.143' 
16 + 0.103" 
Table 6.1 : The tilt angles for different azimuthal angles giving an average tilt of 18.5 0.3". 
The fits to the expenmental data are shown in figure 6.12 
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Figure 6.12: A comparison of the simulated data (black) with the experimental data (red) used 
to calculate the tilt angle of the molecule at various azimutal angles, (a) 0", (b) 45' and (c) 90". 
140 
(a) Azimutal Angle 0 Degrees 
1 6  
06 
0 a 
Intensdy, I 
0 7 
0 6 
0 L 
0 < 
D 
6 Simulated Data 
o Expenmental Da 
e 
a 
(b) 0 20 40 60 80 
Azimutal Angle 45 Degrees 
1 
1 Q  
0 9  
0 9 
Intens~ty, I
0 7 
0 6 
0 5  
0 4  
0% 
0 20 40 60 80 (4 Azimutal Angle 90 Degrees 
Intensdy, I 
0 20 40 60 80 
Angle Relative to Normal,e 
- 
m 
U 
8 
, . , , . , , 
Chapter 6 NEXAFS and XPS Results 
Since the tilt angle for the different orientations were approximately the same this 
would imply that the azimuthal orientation of the sample is irrelevant. The average 
tilt angle for the three different orientations was 18.5" +. 0.3" relative to the surface 
normal, meamng that the molecule was almost standing upnght on the surface. 
6.5 XPS Study of the Angular Dependence of CuTTBPc and 
ETTBPc 
In addition to NEXAFS another tool, namely XPS, was useful when 
exploring the geometry of molecular adsorbates and thin films on surfaces. XPS can 
be used to probe the HOMO and LUMO states. Ruocco et. al. [8] used XPS and 
XAS to study the orientation and satellite peaks of CuPc on A1 (100) and found the 
orientation of the molecule to be 2" to the normal. Park et. al. [9] used XPS and 
LEED to study the orientation of CuPc on Au(001) and found the molecule be lying 
flat on the surface with unit cell dimensions of 1.27 nm x 1.27 nm. Through 
observations of XPS spectra Adolphi et. al. [lo] found that changes in temperature 
can lead to the changes in the orientation of CuPc XPS was used by Lozzi et. al. 
[ I l l  to study evaporated films of varying thickness of hexadecafluoro copper 
phthalocyanine on silicon. They found that ultra thin films showed a strong 
interactlon between the surface molecules and the silicon substrate. This was 
attributed to charge transfer between the F-Si and Cu-Si. For bulk films they noted 
the presence of satellite peaks which were not visible for the ultra thin films. Hu et. 
al. [12] attempted to produce more ordered films of CuPc on glass by applying an 
electnc field across the sample during the deposition of CuPc. Changes in the XPS 
spectra, along with changes in the AFM images and X-ray diffraction revealed 
differences in the chemical environment of copper and an increase in the ordering of 
CuPc. These findings showed that it was possible to detect molecular ordering using 
XPS and demonstrated that bulk films were required if the satellite peaks were be 
observed. 
Evaporated films of CnTTBPc on SiOz and Si ( l l l ) ,  along with HzTTBPc on 
SiO2, were prepared in-situ. These films were 10-20 MLs in thickness. The 
phthalocyanine was evaporated at a temperature of -600K and at a rate of 0.2 ML 
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per minute from a tantalum crucible in a homemade deposition cell. The evaporated 
films and a 12 ML LB film of CuTTBPc (prepared as described in section 4.2.1) 
were analysed on station 4.1 at the SRS storage ring, Daresbnry Laboratoly, UK. 
The base pressure was 1x10-'~ mbar and a Scienta SES200 hemispherical electron 
analyser with a total energy resolution of 100 meV was used. Angular dependence 
measurements were taken over a range of angles at a photon energy of 60 eV. To 
study the electron structure of the copper ion valence band spectra were measured in 
the photon energy range of 70-80 eV. 
Figure 6.13 shows the spectra obtained at 60 eV for the 12 ML LB film. 
The angle of incidence of the incoming radiation was varied between 0"-75" relative 
to the normal . The HOMO peak was observed at binding energy of approximately 
1.3 eV.As the angle of incidence increased the area under the HOMO peak 
decreased indicating the presence of molecular ordering within the LB film. This 
was not a surprising result as the very basis of LB technique states that LB films are 
highly ordered. 
X P S  Spec t ra  for  L B  D e p o s i t e d  
C u T T B P c  o n  SiO, 
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Figure 6.13:The W S  spectra for LB film of CuTTBPc on SO2. 
NEXAFS and XPS Results 
W S  spectra were recorded at 60 eV as a funchon of the angle of ~ncidence between 
0"-75" for films of CuTTBPc evaporated on clean on Si02 (figure 6.14 (a)) and 
Si(ll1) substrates (figure 6.14 (h)). The thicknesses of these films was sufficiently 
large so that no features from the Si02 or SI substrate were observed in the spectra. 
Identical features were observed in the valence band spectra regardless of what 
surface the molecule was evaporated onto. For both sets of data a decrease in the 
HOMO peak was observed when the angle of incidence increases. Again this would 
indicate that there was molecular ordering within the deposited film. However, there 
appeared to be less ordenng on the Si(ll1) surface, as the angular dependence was 
weaker. 
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Figure 6.14:Angie dependent XPS spectra for CuTTBPc on Si02 (a) and Si(ll1) (b). 
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Spectra obtained for HzTTBPc on SiOz were similar to those for both the LB and 
evaporated CuTTBPc films in that the HOMO peak decreased w~th angle. Figure 
6.15 shows the HzTTBPc spectra. 
XPS Spectra for H2TTBPc on S10, 
B~ndlng Energy, eV 
Figure 6.15: The XPS spectra for HzTTBPc on SiOz. 
A plot of the relative intensities of the HOMO peak versus angle for the LB film and 
the evaporated film showed that there was a sharper drop in intensity for the LB film 
compared to the evaporated film, figure 6.16 (a). This suggested that the ordering 
was strongest for the LB film, followed by CuTTBPc and HzTTBPc on SiOz and 
then CuTTBPc on Si(ll1). For comparison the NEXAFS results for the LB film of 
CuTTBPc on SiOz are also given in figure 6.16 (b). It can be seen that they showed 
the same angular dependence, within expenmental error. 
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(b) NEXAFS Results for the LB F!lm 
of CuTTBPc on SIO. 
Angle of lnc~dence, e Angle ot lnc~dence, e 
I 
Figure 6.16: A comparison of the XPS (a) and NEXAFS (b) results of the relative intensities of 
the HOMO peak at different angles. 
In conclusion it can be said that the NEXAFS spectra rsevealed a strong 
angular dependence in the CuTTBPc LB film. Through analysis of the interaction 
between the incoming radiation and the MOs of the molecule it was apparent that the 
CuTTBPc molecule was standing upright on the surface at an angle of 18.5k0.3". 
V B  XPS measurements were taken for the LB film and evaporated films of 
CuTTBPc on clean and oxidized Si(ll1). Both the LB and thermal evaporated films 
showed the same VB XPS spectra. The good agreement between the XPS and 
NEXAFS data further confirmed that the molecule had a standing orientation on the 
surface. XPS spectra also showed that the nature of the substrate was influential on 
the molecular orientation, as can be seen in figure 6.16. 
6.6 XPS Study of C U ~  ion in CuTTBPc 
Considerable attention has been paid to the resonance and satellite structure 
for transition metals. Iwan et.al. [14] treated the central metal atom in Cu'ITBPc as 
Cu(II) as the minimum Cu-Cu distance was 5 A, the particle density of Cu as 
reduced by a factor of approximately 50 compared to the metal and the atomic d- 
orbital were only slightly Influenced in the tetragonal D4h symmetry of the molecular 
field. In this work XPS measurements were taken to study the electronic structure of 
Cu(1I) in CuTTBPc. Shake up peaks and the shake up process are described in 
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chapter 2 The satellite structure for the 3p core levels in transition metals reveals a 
strong resonance structure and th~s  work attempts to explain to origin of this 
resonance as a basis for understanding of the multielectron effect. In order to study 
the copper satellite peaks it is necessary to use thick films. Ruocco et. al. [8] carried 
out synchrotron based photoemission studies of CuPc on A1 (100) using 0.3,0.5 and 
4.0 nm thick films. They observed the disappearance of the copper satellite peaks at 
low surface coverages (0.3 and 0.5 nm), while at a thickness of 4.0 nm the satellite 
peaks were visible. Using XAS they found that the CuPc molecule tends to stand 
almost perpendicular to the surface (2" to the normal) when in the bulk form. XAS 
results for this research revealed that the CuTTBPc molecule was standing upright 
on the surface. 
CuTTBPc films of 10-20 MLs have sufficient thickness to study the satellite 
peaks. CuTTBPc and HzTTBPc were evaporated onto SiO2 and valance band spectra 
were recorded for both surfaces using photons in the energy range of 70-80 eV. The 
HzTTBPc spectra were then subtracted from the CuTTBPc spectra to obtain the 
contribution from the copper atom. The data was normalised as above and 
subtractions of the spectra were carried out using Origin[3]. An example of the 
subtraction is shown in figure 6.17 
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Figure 6.17: The subtraction of the H2TTBPc spectrum from the CuTTBPc spectrum. The 
subtracted spectrum is made up of the signals produced from copper alone. This subtracted 
spectrum was studied to determine the electronic structure of copper in CuTTBPc. 
It is found that the electronic structure of copper ( cuZ+) in copper phthalocyanine is 
[Ar] 3d9 [13]. Ident~fication of peaks in the copper satellite spectra was carried out 
with the use of the copper tables found in [15]. The subtracted spectra recorded with 
photon energies in the range of 70-80 eV were averaged to reduce the noise in the 
satellite spectra. For simplicity the position of the 3d94s' peak was set to zero, by 
getting a weighted average between the 3~ and 'D peaks, and the position of the 
other peaks was found relative to this. Figure 6.18 shows the position and 
identification of the 3d84s2, 3d94s1 and the 3d1° peaks. 
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Ass~gnment of Copper Peaks 
I 
Figure 6.18: The averaged spectra of the copper with the identification of peaks. 
Iwan et. al. 1141 studied the electronic structure of copper in CuPc and found peaks 
which are in good agreement with the above results. They determined that the 
resonant satellites could be explained by an atomc shake up involving two 3d holes 
plus an excited 4s electron. Off resonance this two hole shake-up is excited 
according to 
6 10 6 8 2  3d 3d 4s + hv + 3p 3d 4s + e- (6.1) 
This occurs together with the one-electron photoemission process exciting a 3d 
electron: 
6 10 6 9 3p 3d 4s + hv +3p 3d 4s + e- (6.2) 
which results in the 3~ and ID peaks at a relative energy of 0 eV, in figure 6.18. 
Iwan et. al. assigned the peak to the left of the 'D as the 3dI0 peak. At resonance, the 
excitation 3p -+ 4s followed by a simultaneous Auger decay creates a two hole state 
6 10 6 8 2  3d 3d 4s + hvEs+ 3pS3d104s2 c) 3p 3d 4s + e- (6.3) 
T h ~ s  results in the resonant enhancement of the 3d84s2 final state, which was 
observed at a photon energy of 75eV, as shown in figure 6.19. Iwan et. a1 [14] also 
observed this resonance at a photon energy of 75 eV. 
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Example of Spectra at 70, 75 and 80 eV 
Energy, eV 
Figure 6.19: The spectra taken at 7U, 75 and 80 h\,. . in incrwsr in area under the 3 d S d  pcaks 
is  observed around 75 e\' heli~re it drop, uffagain. 
Iwan et. al. [14] plotted the total area under the 3d84s2 shake-up peaks in the photon 
energy range of 70-80 eV and found a maximum at approximately 75 eV. For this 
work the area under the 3d84s2 shake-up peaks was found and was also plotted 
against photon energy. Although figure 6.20 shows a maximum at 75 eV it also 
shows a second peak at 78 eV. 
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Energy, eV 
Figure 6.20: A plot of the total area under the 3ds4sZ peaks versus energy. 
Since the resonance is due to the 3p to 4s transition spin orb~t splitting should be 
observed and this would explain the presence of the second peak. To confirm the 
presence of this second peak the experiment would need to be repeated using a 
smaller photon energy step. In general there was, however, good agreement wlth this 
work and that of Iwan et. al. [14] regarding peak assignment and some agreement 
between the trends observed in the total area plots at different energies. 
6.7 Conclusions 
Both the NEXAFS and XPS results demonstrated that the CuTTBPc 
molecules had a defimte onentation in the LB film. This was not surprising slnce the 
basis of the LB technique states that films produced using this method have a very 
well defined and ordered structure. Indeed Rajagopal et. al. [16] found that LB films 
containing PbA (lead arachidate) showed a strong angular dependence when studied 
by means of NEXAFS but little else has been reported on the finding of NEXAFS 
studies regarding LB films. 
Using the NEXAFS technique Evans et. a1 [5] found that vacuum deposited 
CuPc was orientated in an upright position on an ordered S-GaAs substrate. This 
was contrary to the belief that CuPc stands upright on a disordered surface and 
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aligns flat on an ordered surface. A further study undertaken with SnPc on S-GaAs 
indicated that the SnPc molecule lies flat on the surface [7]. Although both 
phthalocyanines were deposited on S-GaAs surfaces the orientations of the CuPc 
and SnPc were different. This would indicate that the central metal ion in the 
phthalocyanine was Influential in alignment of the molecule. AFM studies of the 
SnPc suggested that the film had a Stransh-Kratanov structure. Despite the 
formation of islands the NEXAFS results showed that overall the molecules dld have 
some degree of ordering [7]. 
NEXAFS studies also indicated that molecular orientation depended not only 
the evaporated PC molecules but on the surface morphology. Analysls of the C K- 
edge 1s x+x' intensities found that hexadecafluoro CuPc (FCuPc) was standing at 
an angle of 60°, relative to the normal, on a MoSz substrate. Okudaira et. al. [4] and 
Kera et. al. [6] found that the orientation of HzPc was influenced by substrate and 
the temperature at which molecule was deposited. When H 9 c  was deposited on cold 
(90 K) Ag (111) the orientahon was 50" relative to the normal. Annealing the 
sample to room temperature changed the orientation to from 50 " to 40". When the 
same molecule was deposited on a N13Al (1 11) surface at room temperature the 
orientation was 30 to 55", relative to the normal. 
The AFM results for CuTTBPc LB films in this research showed that the 
molecules deposited in clusters as a result of the high degree of aggregahon within 
the floating ML. This suggested the film has either a Stranski-Krastanov or Volmer- 
Weber structure. In splte of the islands found in AFM images of the LB films of 
CuTTBPc the NEXAFS results suggest that there was molecular ordering within the 
film and the film was possibly Stranski-Krastanov in structure. The average tilt 
angle of the molecule on SiOz, was measured to be 18.5" + 0.3" relative to the 
normal suggesting the molecule was practically standing upright on the surface. 
The XPS scans of the VB region showed that the HOMO peak decreased in 
intensity as the angle of incidence increased. This indicated a strong angular 
dependence for the LB fdm of CuTTBPC and evaporated films of CuTTBPc on 
S I O ~  and Si(ll1). H2TI'BPc on SiOz also exhibited strong angle dependence. These 
results venfied the NEXAFS results which found that there was molecular ordering 
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of the CuTTBPc molecule both in the LB and evaporated films. Plots of the relative 
Intensities of the HOMO peak versus angle showed that both the substrate and 
method of film deposition played a role in the degree of ordering of CuTTBPc on 
the surface. Figure 6.16 showed that the LB film of CuTTBPc (on Si02) was the 
most ordered, followed by CuTTBPc and Hz'PT13Pc on SiO* and lastly CuTTBPc on 
Si(ll1) Since LB films were synthesised in a controlled environment, where is was 
possible to deposit the molecules layer by layer, it was not surprising that the LB 
films were more ordered than the evaporated films. The SiO2 surface was relatwely 
un-reacuve compared to S1(111). Thls lead to the molecules diffusing evenly across 
the Si02 surface and fomng ordered MLs whereas the Si(ll1) was quite reactive 
and molecule tended to form covalent bonds with the surface leading to disordered 
first and subsequent layers. 
XPS studies of CuPc [8][9][10] and hexadecafluoro CuPc [ l l ]  showed the 
presence of satellite peaks m the bulk of the films. A photoemission study of the 
copper spectra for CuTTBPc on Si02 showed agreement with Iwan [14] and the 
copper table by Moore [15] which in turn suggested the copper in CuTTBPc has an 
oxidation state of Cu(I1). Plots of the area under the Cu 3d84s2 peaks did not follow 
the same trend as that of Iwan et.al.. This experiment should be repeated to double 
check the presence of a second peak due to spin splitting. 
Overall it can be said that the NEXAFS and XPS results were complimentary 
of each other with both sets of results proving that molecular ordering exited in both 
the LB and evaporated CuTTBPc fdms. 
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Conclusions and Future Work 
The synthesis of LB films can be a difficult task owlng to the many external 
influences (humidity, pH, background noise, contamination etc.) which can have a 
negative effect on the film quality. Despite this it was possible to produce ordered 
films with molecules which traditionally may have been disregarded for the LB 
technique simply because they were not purely amphiphilic in character. CuTTBPc 
is notorious for aggregating due to lack of any hydrophilic moieties within the 
molecule and hence would not be considered ideal when trying to produce smooth, 
uniform monolayers. As the results presented in chapter 4 show this aggregation can 
be reduced by incorporating AA into the monolayer. In contrast to CuTTBPc, AA is 
an easy molecule to work with as it has both hydrophilic and hydrophobic 
properties. Isotherms of AA show very clear and distinct phase changes. 
Experiments involving AA showed that even slight changes in the dipping 
parameters can alter the quality of the LB film produced. Isotherms of pure 
CuTTBPc gave a Limiting Area per Molecule (LAM) of 44 (+I) A2 per molecule, 
thls values indicates that there is a high degree of aggregation within the monolayer. 
Films produced with pure CuTTPc were found to be Y-Type indicating that the 
layers were being deposited on both the up- and down-stroke but the aggregation 
would result in formation of rough films. AA and CuTTBPc were mixed together in 
varying molar ratios and it was found that the aggregation could be reduced. Films 
of the 1:l CuTTBPc:AA were found to be Y-type but the low transfer ratios 
suggested the film quality was poor. Films with thicknesses of 1 to 21 monolayers 
were synthesised to examine how the layer by layer growth was effected when 
mixing an aggregating molecule (CuTTBPc) with a non-aggregating molecule (AA). 
Films produced with 1:2 to 1: 10 CuTTBPc:AA and 2: 1 to 8:l CuTTBPc:AA were 
both found to be poor quahty Y-Type. 
The AFM enables the surfaces of the above films to be studies on a micron 
scale. The AFM images of the 11 layer pure CuTTBPc film showed clusters. This 
would be expected as the isotherms showed aggregation. Interestingly the AFM 
images of a 1 layer 1:l CuTTBPc:AA film had smooth regions with pinholes 
(characteristic of AA) and regions where clusters (characteristic of CuTTBPc) sat on 
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top of the smooth regions. Films with a thickness greater than 3 layers were found to 
be rough in appearance due to the pinholes and clusters. For the 11 layer films, 
which contained a varying amount of AA, it was found that as the molar ratlo of AA 
went from 1:2 to 1:10 CuTTBPc:AA the films gradually started to take on a smooth 
appearance as the concentration of AA increased. For the 11 layer films produced 
with 2:l to 8:1 CuTTBPc:AA the films, in general, exhibited characteristics of 
CuTTBPc with the presence of clusters. 
The thickness refractive index and extinction coefficients for the LB films 
were found using ellipsometry. The diameter of the light beam was 1.5 mm and 
therefore a much greater area was averaged using the ellipsometer. Analysis of the 
isotherms and the AFM images suggest that aggregation may be an obstacle when 
trying to grow films with a uniform thickness. In fact the ellipsometry results 
showed that there was a very strong linear dependence between the thickness and the 
number of layers for the 1 to 21 monolayer films produced with 1:1 CuTTBPc:AA 
This confirmed that, despite the aggregation, the layers were stacking in a uniform 
fashion. The average monolayer thickness was calculated to be 2.31 (50.33) nm for 
these films which was in close agreement w ~ t h  the AFM result of 1.70 (10.04) nm. 
For the 11 layer films made with solutions of 1:2 to 1:10 C U T T B P C : ~  the 
thickness was relatively uniform as was the thickness with the 11 layer films made 
with 2:l to 8:l CuTTBPc:AA. Average monolayer thicknesses of 2.35 (50.14) nm 
and 2 38 (*0.16) nm were obtained respectively. The overall vanation in the 
thickness values may have been a result of some uncontrollable parameters such as 
the varying degree of aggregation in each individual monolayer or any slight 
changes in the experimental setup, for example the temperature or humidity in the 
laboratory. 
The n and k values were also studied. For the 1:l CuTTBPc:AA films with 
thicknesses ranging from 1 to 21 monolayers, an exponential growth was found for 
the k value. The k values began to level off after the 1 lth layer indicating that film 
needs a certain thickness before the n value can be calculated for the "bulk 
material". An average k value of 1.57 was found for the films with a thickness of 11 
monolayers of higher. The films produced when the amount of AA was varied gave 
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a k value of 1.52, while the films produced when the amount of CuTTBPc was 
varied gave a k value of 1.5 1. For the 1: 1 films a linear decrease in the n values was 
observed as a function of film thickness. The average n value after the 1 lth layer was 
found to be 2.21. Values of 2.84 and 2.66 were found for the 11 layer films produced 
when the amount of AA and CuTTBPc was varied, respectively. 
The isotherms, transfer ratios and AFM results show that it is possible to 
manipulate the aggregation of the monolayer through the incorporation of AA. 
Ellipsometry results showed there was some degree of ordering in the LB films 
containing CuTTBPc. In order to investigate this further LB films and evaporated 
films of pure CuTTBPc were studied and compared to each other. 
STM images were obtained of CuTTBPc on the Ag/Si(lll) surface. The 
evaporated molecules were found to lie flat on the surface in tightly packed 
molecular arrays forming dimers and trimers on the surface. It was possible to image 
the empty and filled states of the CuTTBPc molecule by altering the bias, therefore 
making it possible to image the TTB groups or the phthalocyanine ring. An attempt 
to image CuTTBPc on Si(ll1) proved difficult but it was possible to cany out XPS 
and NEXAFS studies of evaporated and LB films of CuTTBPc on Si02 and on 
Si(ll1). 
NEXAFS was employed to investigate the ordering with the bulk material of 
a 12 ML film of an LB deposited film. As the results presented in chapter 6 indicate 
there was a strong angular dependence and from that it was found that the molecule 
was standing upright at an angle of 18.5M.3" to the surface normal. This result 
proved that there was definite ordering in the LB film. 
XPS results for the LB film of CuTTBPc on SiOz were compared to the XPS 
results for evaporated CuTTBPC on SiO2 and Si(ll1). The results again indicated 
that the LB film possessed the highest degree of ordering and were found to agree 
well with the NEXAFS results. The LB film of CuTTBPc (on Si02) was the most 
ordered, followed by CuTTBPc and HzTTBPc on Si02 and lastly CuTTBPc on 
Si(ll1). The nature of the substrate influenced ordering. The Si02 surface was 
relatively un-reactive compared to Si(ll1). This lead to the molecules diffusing 
evenly across the SiOz surface and forming ordered MLs whereas the Si(ll1) was 
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quite reactive and molecule tended to form covalent bonds with the surface leading 
to disordered first and subsequent layers. STS studies of CuTTBPc on AglSi(l1 I) 
were also found to agree well with the NEXAFS and XPS results. 
A study of the satellite peaks of copper in the CuTTBPc molecule revealed 
that the Cu was in a Cu(I1) state. The spectra obtained agreed well with that of 
others. 
The results of this research showed the LB films were more ordered than the 
evaporated films. LB films were syntbesised in air m typical laboratory settings. 
This meant that films can be produced relatively quickly, assuming there are few 
experimental obstacles to overcome. Results of this work indicate it was possible to 
make LB films of CuTTBPc even though CuTTBPc may not be traditionally 
considered suitable molecule for the LB technique. Not only was it possible to 
deposit such films it was also possible to control the exact ML thickness and 
produce films with a high degree of molecular ordering. 
The LB technique is becoming increasingly more popular in areas such as 
gas sensing, molecular devices and non-linear optics where properties such as 
monolayer ordering (ie. X, Y or Z type films) and film thickness can be controlled 
and manipulated. LB films are also used as anti reflecting coating, biosensors and 
optical processing units. The LB technique remains potentially useful due to its 
simplicity and ability to build molecular assemblies defined on the molecular scale 
[1][2][3]. One of the appealing features of LB films is that several materials can be 
used to process devices with different functionalities. The technique also offers "the 
possibility to tune the layer architecture according to the demands of the desired 
moleculary engineered organic thin film devices" [I]. In comparison to other 
techniques, such as thermal evaporation, the LB equipment is relatively inexpensive 
and requires little laboratory space. 
In conjunction with this, interest is also growing in phthalocyanine molecules 
and their vanous denvatives as these molecules tend to be chemically and thermally 
stable. The means that there are endless possibilities with research which can be 
camed out with LB films containing phthalocyanines. As environmental issues 
become more prominent LB films containing phthalocyanines are being used to 
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sense pollutants such as nltrogen oxides [4]. Mixed LB films containing 
phthalocyanines and fatty acids look particularly promising due to improvements in 
the kinetic response of the sensor without changing the chemical structure of the 
phthalocyanine. Future research could also focus on the replacing the fatty acid with 
other substances due to poor thermostability [ 5 ] .  
The research in this thesis has made considerably contributions in the area of 
thin films of CuTTBPc. It has been demonstrated that, despite the obstacles 
discussed, it was possibly to grow very ordered LB films with this molecule. The 
results from the evaporated films showed that STM images with an extremely high 
quality were obtained and such images have so far not been reported. NEXAFS and 
XPS results were in excellent agreement with each other and both sets of data agreed 
very well the STS results. Overall this research has shown that the LB technique is 
valuable in the field of thin films where precise control over the film is desired. 
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